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Abstract
In this work a high-sensitivity Proton-Transfer-Reaction mass spectrometer (PTR-
MS) has been developed for airborne measurements of Volatile Organic Compounds
(VOCs). The spectrometer has two notable new features, an unheated permeation
source for continuous calibration and an ion funnel (IF) enhanced drift tube. The former
is specially designed for airborne deployment and, moreover, increases the system duty-
cycle and accuracy. The latter has enhanced the system sensitivity in 30%, achieving
a limit of detection in the low pptv range for usual VOCs (pptv = 10−12mol/mol), e.g.
4 pptv in 1min integration time for acetone.
The new instrument, entitled PTR-IF-MS, shall be deployed on the new German
research aircraft HALO, where lightweight construction is crucial. Almost entirely built
in-house, the PTR-IF-MS weighs less than half of a standard PTR-MS system (57 kg
instead of 120 kg).
Besides instrumental development, the ﬁrst long-term study of the correlation be-
tween acetone and carbon monoxide in the upper troposphere (UT) is presented. Often
emitted due to similar sources (e.g. biomass burning or incomplete combustion), both
species can show a good correlation in the UT. Furthermore, the ratio between them, i.e.
the correlation slope, contains information on their sources and the following chemical
processing in the atmosphere.
The data used in this analysis were gathered over a period of 3 years onboard
the CARIBIC passenger aircraft, where a strongly modiﬁed commercial PTR-MS, re-
cently implemented with some features of the PTR-IF-MS, is regularly deployed. The
correlation slope, given in pptv acetone/ppbv CO, shows a well pronounced increase
with latitude. This parameter ranges from 12.2 at the equator to 33.9 at 60◦N during
summertime and from 7.6 to 16.5 during wintertime.

Zusammenfassung
Im Rahmen dieser Arbeit wurde ein hochempﬁndliches Protonen-Transfer-Reaktions-
Massenspektrometer (PTR-MS ) fu¨r ﬂugzeuggestu¨tzte Messungen von ﬂu¨chtigen organ-
ischen Verbindungen (VOCs) entwickelt. Das Spektrometer wurde durch eine unbe-
heizte Permeationsquelle zur kontinuierlichen Kalibrierung und einer mit einem Ionen-
trichter (engl.: Ion Funnel, kurz: IF) erweiterten Driftro¨hre bedeutend erweitert. Die
kontinuierliche Kalibrierung erho¨ht die Frequenz des Mess-Zyklus sowie die Genauigkeit
des Systems. Die Implementierung der elektrodynamischen Driftro¨hre fu¨hrte zu einer
Erho¨hung der Empﬁndlichkeit des Systems um 30% und somit zu einer Erniedrigung
der Nachweisgrenze fu¨r u¨bliche VOCs auf den unteren pptv (pptv = 10−12mol/mol)
Bereich, z.B. 4 pptv nach 1 min Integrationszeit fu¨r Aceton.
Das neue Instrument (PTR-IF-MS) soll auf dem deutschen Forschungsﬂugzeug
HALO eingesetzt werden, fu¨r das eine besonders leichte Konstruktion von entschei-
dender Bedeutung ist. Das PTR-IF-MS, welches fast ausschlielich selbst entwickelt
wurde, wiegt mit 57 kg weniger als die Ha¨lfte eines Standard-PTR-MS Systems (120
kg).
Neben der Entwicklung des Instrumentes wird die erste Langzeitstudie zur Korre-
lation von Aceton und Kohlenmonoxid in der oberen Tropospha¨re (UT) vorgestellt. Da
beide Verbindungen oft von gleichen Quellen (z.B. Biomasseverbrennung, unvollsta¨ndige
Verbrennung) stammen, ko¨nnen sie in der UT eine hohe Korrelation aufweisen. Daru¨ber
hinaus beinhaltet die Steigung der Korrelationsgeraden, also das Verha¨ltnis beider
Komponenten, Informationen u¨ber die Emissionsquellen und die erfolgten chemischen
Prozesse in der Atmospha¨re.
Die fu¨r diese Analyse untersuchten Daten wurden u¨ber einen Zeitraum von 3 Jahren
mit einem stark modiﬁzierten kommerziellen PTR-MS Gera¨t gemessen, welches regelma¨ig
im CARIBIC Passagierﬂugzeug eingesetzt wird und zwischenzeitlich durch Elemente
des PTR-IF-MS erweitert wurde. Die Steigung der Korrelationsgeraden in pptv ace-
tone / ppbv CO zeigt einen ausgepra¨gten Anstieg mit dem Breitengrad. Dieser Param-
eter variiert im Sommer zwischen 12.2 am A¨quator und 33.9 bei 60 no¨rdlicher Breite
und zwischen 7.6 und 16.5 im Winter.
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Chapter 1
Introduction
Climate change is the most serious environmental issue mankind faces today, with var-
ious implications on economy and political stability [1–4]. All current predictions on
future climate rely on models, which in turn strongly impact our present mitigation
strategies [5, 6]. One fundamental cornerstone for validating and improving such cli-
mate models is the collection of highly accurate and highly resolved observations of the
trace gas composition of the atmosphere, specially from airborne platforms. [7–9].
A key region in this respect is the upper troposphere and lower stratosphere (UT/LS).
This region is located between ∼6 km and ∼20 km altitude and generates the major
part of the natural greenhouse eﬀect of ∼33 ◦C [10]. However, the UT/LS belongs to
the less well-understood regions in the atmosphere, largely due to its diﬃcult acces-
sibility by appropriate trace gas instruments and its extreme dynamical and chemical
complexity [11, 12].
This shortcoming led German scientists in the early 2000s to apply for a high-
ﬂying, long-endurance research aircraft. The proposal was successful and the German
research ministry, together with some research institutions, bought a business aircraft
(Gulfstream GV-550). After strong modiﬁcation for research application, the aircraft
was named High Altitude and LOng Range Research Aircraft (HALO1).
The Institute of Meteorology and Climate Research (IMK2), group Tropopause
(TOP), was involved in planning and deﬁning the research needs as well as the aircraft
speciﬁcations. It proposed furthermore the construction of a mass spectrometer for the
accurate measurement of diverse Volatile Organic Compounds (VOCs) onboard HALO.
VOCs, being all vapour-phase atmospheric organics excluding CO and CO2, play
1http://www.halo.dlr.de/
2http://www.imk-asf.kit.edu
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a fundamental role in the atmosphere [13, 14]. As pollutants they act as “fuel” for
the production of the tropospheric ozone (O3) [15, 16]. Furthermore, VOCs constitute
a major source for aerosol particles, especially in the tropics [17, 18]. Indeed, many
processes in which VOCs are involved are only qualitatively known and understood
[19–21].
One further crucial process for the dry UT/LS is the production of the hydroxyl
radical (OH) from the photolysis of acetone (CH3COCH3). The OH radical is known
as the most eﬃcient “cleaning agent” in the troposphere. This denomination reﬂects
the large number of pollutants OH reacts with and which usually leads to their removal
from the atmosphere [10].
The dominant role of acetone for the production of OH in the UT has been proposed
in the 1990s [22–26]. However, some recent studies have considerably changed this
picture [27], and furthermore, other important uncertainties on the role of acetone in
this region continue to be raised [28]. To better quantify processes in which acetone is
involved requires a fast and accurate measurement technique.
Real-time measurement of acetone and other VOCs aboard aircraft is essentially
only possible with chemical ionization mass spectrometers (CIMS). CIMS are charac-
terized by high sensitivity (in the pptv range, pptv = 10−12mol/mol), time resolution
from seconds to 1minute, and weight usually between 120 to 250 kg [29–35].
Proton-Transfer-Reaction mass spectrometry (PTR-MS) stands out among chemi-
cal mass spectrometers due to its combination of low weight, sensitivity and usability1
[29]. Currently, besides environmental research, PTR-MS technology is used in a wide
range of applications such as medical, food and ﬂavour science, etc. Given the variety
of applications, the commercial PTR-MS version by IONICON (Innsbruck, Austria)2
does not match airborne requirements such as light construction and the use of aircraft
certiﬁed materials.
I joined the group TOP in April 2007 with the task of developing a custom-made
PTR-MS for airborne application. Given the strong weight restriction usually as-
sociated with such deployment, the new system should be, besides accurate, very
lightweight. Moreover, the system would be the ﬁrst PTR-MS implemented with an Ion
Funnel (hereafter referred to as PTR-IF-MS), an electrodynamic technique to increase
the system sensitivity. The ﬁnancing of the instrument and of my position was secured
by a special HALO fund from the Helmholtz Association of German Research Centres
(HGF) and the German Research Foundation (DFG).
1Due to soft ionization, low ion fragmentation simpliﬁes spectra analysis.
2http://www.ptrms.com/
2
The system was planned to be deployed during the HALO campaign Oxidation
Mechanisms Observations (OMO) and missions thereafter. Originally planned for
2009, OMO has been successively postponed due to certiﬁcation issues and currently is
expected to take place in 2012, beyond the scope of this project. Therefore, we present a
study of the correlation of two pollutants in the upper troposphere, namely acetone and
carbon monoxide (CO). These observations were made onboard the passenger aircraft
within the project CARIBIC1 (Airbus A340). Currently our group deploys ﬁve in-situ
instruments in CARIBIC (from a total of 15), including a strongly modiﬁed PTR-MS
purchased in 2003 [36, 37].
Chapters 2 and 3 lay the foundation for this work, reviewing the role of VOCs
in the atmosphere and the PTR-MS technology, respectively. The former presents an
overview on chemical reactions in the atmosphere, VOC oxidation and budget analysis
with focus on the role of acetone in the atmosphere, further discussed in a later section
of this work. The latter includes a brief introduction to mass spectrometry techniques
followed by presentation of state-of-the-art PTR-MS technology, including up-to-date
alternative designs for a complete review.
The development of an unheated calibration source is detailed in Chapter 4, the ion
funnel enhanced drift tube in Chapter 5, and the PTR-IF-MS in Chapter 6, concluding
the instrumental development of this work. Chapter 7 presents the study of the corre-
lation of acetone and CO in the upper troposphere. Chapter 8 concludes the work with
a summary and outlook.
1CivilAircraft for theRegular Investigation of the atmosphere Based on an Instrument Container.
http://www.caribic-atmospheric.com/
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Chapter 2
Volatile organic compounds in
the atmosphere
2.1 The atmosphere
The Earth’s atmosphere is composed primarily of the gases N2 (78%), O2 (21%), and
Ar (1%), whose abundances are controlled over geological timescales by the biosphere,
uptake and release from crustal material, and degassing of its interior. Water vapour is
the next most abundant constituent. It is found mainly in the lower atmosphere and its
concentration is highly variable, reaching concentrations as high as 3% in the tropics
and as low as 0.0003% at the tropical tropopause at ∼18 km high. The remaining
gaseous constituents, the trace gases, represent less than 0.1% of the atmosphere.
Although the troposphere accounts for only a small fraction of the atmosphere’s
total height, it contains ∼83% of its total mass. It can be divided into the planetary
boundary layer (PBL), extending from the Earth’s surface up to typically 1-2 km, and
the free troposphere, above the PBL, which extends to the tropopause.
A summary of the present-day composition of the atmosphere is given in Table 2.1.
The trace gas concentrations are determined by an equilibrium between emission, in-
situ formation and decomposition (chemical loss, photolysis, wet and dry deposition)
This Chapter will give an overview on distribution and chemical reactions of volatile
organic compounds (VOCs) in the atmosphere. The term VOCs is used to denote the
entire set of vapour-phase atmospheric organics excluding CO and CO2.
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Table 2.1: Mean gaseous chemical composition of the atmosphere at ground level.
Adapted from Prinn. [38]
Constituent Chemical formula Mole fraction in dry air a
Nitrogen N2 78.08%
Oxygen O2 20.95%
Argon Ar 0.93%
Carbon dioxide CO2 385 ppmv
Neon Ne 18 ppmv
Ozone (stratosphere) O3 0.5-10 ppmv
Helium He 5.2 ppmv
Methane CH4 1.7 ppmv
Nitrogen oxides NOy 10 pptv-1000 ppbv
Hydrogen H2 550 ppbv
Ozone (troposphere) O3 10-500 ppbv
Nitrous Oxide N2O 310 ppbv
Carbon monoxide CO 50-200 ppbv
Nonmethane Hydrocarbons CxHy 5-20 ppbv
Hydrogen peroxide H2O2 0.1-10 ppbv
Formaldehyde CH2O 0.1-1 ppbv
Sulphur dioxide SO2 0.01-1 ppbv
Ammonia NH3 0.01-1 ppbv
Chloroﬂuorocarbon 12 CF2Cl2 540 pptv
Carbonyl sulphide OCS 500 pptv
Hydrogen sulphide H2S 5-500 pptv
Carbon disulphide CS2 1-300 pptv
Chloroﬂuorocarbon 11 CFCl3 265 pptv
Dimethyl sulphide CH3SCH3 10-100 pptv
Carbon tetrachloride CCl4 98 pptv
Methyl chloroform CH3CCl3 65 pptv
Hydroperoxyl radical HO2 2 pptv
Hydroxyl radical OH 0.05 pptv
a Especially short-lived compounds can show considerably variation.
b ppmv = 10−6mol/mol; ppbv = 10−9mol/mol; pptv = 10−12mol/mol
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VOCs play a central role in atmospheric chemistry and air pollution [13, 14]. Being
pollutants themselves, VOCs also react with nitrogen oxides in the presence of sunlight
to generate ozone [15, 16], a tropospheric pollutant. In the course of their various
reactions, VOCs may form organic compounds with higher molecular weight which
condense to produce secondary organic aerosols (SOA) [18]. By their very nature, the
detailed chemical composition of SOA is seldom known and the aerosol is very diﬃcult
to characterise and quantify. Organic aerosols are indeed one of the largest unknowns
in present climate modelling [19–21, 39].
Table 2.2 lists a number of VOCs found in the atmosphere along with their chemical
group.
Table 2.2: Atmospheric Organic Species. Adapted from Seinfeld and Pandis [10]
Type of compound General chemical Example
formula
Alkanes R−H CH4, methane
CH3CH3, ethane
Alkenes R1C=CR2 CH2=CH2, ethene or ethylene
CH3−CH=CH2, propene
Alkynes RC≡CR HC≡CH, acetylene
Aromatics C6R6 C6H6, benzene
C6H5(CH3),toluene
Alcohols R−OH CH3OH, methanol
CH3CH2OH, ethanol
Aldehydes RC≡CR CHCO, formaldehyde
CH3CHO, acetaldehyde
Ketones RCOR CH3C(O)CH3, acetone
Peroxides R−OOH CH3OOH, methylhydroperoxide
Organic acids R−COOH HC(O)OH, formic acid
CH3C(O)OH, acetic acid
Organic nitrates R−ONO2 CH3ONO2, methyl nitrate
CH3CH2ONO2, ethyl nitrate
Alkyl peroxy nitrates RO2NO2 CH3O2NO2, methyl peroxynitrate
Acylperoxy nitrates R−C(O)OONO2 CH3C(O)O2NO2,
peroxyacetyl nitrate (PAN)
Biogenic compounds C5H8 CH2=C(CH3)−CH=CH2, isoprene
C10H16 α-pinene, β-pinane
Multifunctional species CH3C(O)CHO, methylglyoxal
CH2(OH)CHO, glycolaldehyde
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The major classes of VOCs are alkanes, alkenes, aromatic hydrocarbons, and oxy-
genated compounds, with vegetative emissions typically being composed of alkenes (iso-
prene, monoterpenes, and sesquiterpenes) and oxygenated VOCs (including 2-methyl-
3-buten-2-ol, acetone, methanol, cis-3-hexenol, cis-3-hexenyl acetate, and camphor).
In urban air the nonmethane VOCs are typically made up of the following: alkanes,
40-45%; alkenes, 10%; aromatic hydrocarbons, 20%; and oxygenates, 10-15%; plus
unidentiﬁed VOCs [40, 41].
2.2 Chemical reactions in the atmosphere
Three types of homogeneous chemical reactions occur in the atmosphere:
First-order (unimolecular) A → B + C (2.1)
Second-order (bimolecular) A + B → C + D (2.2)
Third-order (termolecular) A + B + M → AB + M (2.3)
The reaction rate of a ﬁrst-order reaction is expressed as
d[A]
dt
= −κ1[A] (2.4)
where [A] is the compound concentration (molecules cm−3 s−1) and κ1 the ﬁrst-order
rate coeﬃcient (s−1). The Eq. 2.4 can be integrated to give
[A] = [A]0 exp (−κ1t) (2.5)
where [A]0 is the initial concentration.
In the atmosphere, by far the most important class of ﬁrst-order reactions is pho-
todissociation, or photolysis, in which absorption of a photon (hν) by the molecule
induces a chemical reaction. Photodissociation reactions are written as
A +hν → B + C (2.6)
in which hν symbolizes a photon. First-order reactions include as well dry deposition
at the Earth’s surface and scavenging by cloud droplets [10].
Thermal decomposition of a molecule (e.g. PAN) is also represented as ﬁrst-order
reaction [42]. However, the energy required for decomposition is supplied through
8
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collisions with another molecule M:
A + M → B + C + M (2.7)
Since M is at great excess relative to A and its concentration can be assumed to be
constant, the concentration of M is considered in the reaction rate coeﬃcient. Therefore
the reaction can be simply written as A → B + C.
Respectively, the rate of a second-order, or bimolecular, reaction is
d[A]
dt
= −κ2[A][B] (2.8)
where the second-order rate coeﬃcient κ2 has units of cm
3 molecule−1 s−1.
2.2.1 Lifetime of compounds in the atmosphere
Atmospheric lifetimes vary from less than a second for the most reactive free radicals
to many years (even millions) for the most stable molecules. Associated with each
species is a characteristic spatial transport scale; species with very short lifetimes have
comparably small characteristic spatial scales while those with lifetimes of years have a
characteristic spatial scale equal to that of the entire atmosphere (Fig. 2.1). Depending
on local conditions, hydroxyl radical (OH) may have a lifetime as short as 0.01 s, which
corresponds to a spatial transport scale of only about 1 cm. Methane, on the other
hand, with its lifetime of about 10 years, can become more or less uniformly mixed
over the hemispheres. Spatial scales characteristic of various atmospheric chemical
phenomena are given in Table 2.3.
Table 2.3: Spatial scales of atmospheric chemical phenomena [10].
Phenomenon Length scale (km)
Urban air pollution 1 - 100
Regional air pollution 10 - 1 000
Acid rain/deposition 100 - 2 000
Toxic air pollutants 0.1- 100
Stratospheric-tropospheric exchange 0.1- 100
Tropospheric transport and oxidation processes 1 - 40 000
Stratospheric transport and oxidation processes 1 - 40 000
Aerosol-climate interactions 100 - 40 000
Stratospheric ozone depletion 1 000 - 40 000
Greenhouse gas increases 1 000 - 40 000
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Figure 2.1: Characteristic spatial and temporal scales in the atmosphere. Reproduced
from Seinfeld and Pandis [10]
2.3 VOC oxidation and budget analysis
Volatile organic compounds are emitted into the atmosphere from anthropogenic and
biogenic sources and are formed in situ in the atmosphere during the degradation
of other VOCs. Globally, with an emission rate of ∼1150Tg (C) yr−1 of VOCs from
biogenic sources (mainly vegetation) dominates over ∼100Tg (C) yr−1 per year from
anthropogenic sources. Nevertheless, in urban areas VOCs from anthropogenic sources
often dominate [43].
In the troposphere, VOCs are transformed in other species due to photolysis, reac-
tion with the hydroxyl (OH) radical, reaction with the nitrate (NO3) radical (during
evening and night-time hours), reaction with O3, and in coastal and marine areas re-
action with Cl atoms during day-time [10].
Whereas reactions speciﬁcities will depend on various classes of VOCs (alkanes,
alkenes, alkynes, aromatics,...), the tropospheric reactions of VOCs share many reaction
sequences in common. Moreover, certain areas of uncertainty which aﬀect tropospheric
ozone formation and NOx cycling and removal are also common to almost all VOCs.
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Photolysis and the initial reactions of many VOCs with OH radicals and NO3
radicals lead to the formation of alkyl or substituted alkyl (R˙) radicals, and the reactions
of O3 with alkenes and other VOCs containing >C=C< bonds lead to the formation of
organic peroxy (RO˙2) radicals. A generalized tropospheric degradation scheme which
is applicable for most VOCs is given in Fig. 2.2, showing that the intermediate organic
radicals include alkyl (or substituted alkyl) radicals (R˙), organic peroxy radicals (RO˙2)
and alkoxy (or substituted alkoxy) radicals (RO˙).
Figure 2.2: Generalized degradation scheme for VOCs. Reproduced from Seinfeld and
Pandis[10].
The intermediate radicals RO˙2 and HO2 play an important role in the O3 produc-
tion. O3 is formed photochemically from the photolysis of NO2,
NO2 +hν → NO + O˙ (2.9)
O˙ + O2 + M → O3 + M (2.10)
where M is air. Since O3 reacts rapidily with NO, the net result is a photoequilibrium
between NO, NO2 and O3 with no net formation or loss of O3.
However, in the presence of VOCs (including long-lived compounds such as methane),
the degradation reactions of VOCs lead to the formation of intermediate RO˙2 and HO2
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radicals. These HO2 and RO˙2 radicals react with NO, converting NO to NO2,
HO2 + NO → OH + NO2 (2.11)
RO˙2 + NO → RO˙ + NO2 (2.12)
which then photolyzes to form O3, leading to a net formation of O3.
The photolysis of O3 and subsequent reaction with H2O to form OH radicals leads
to a decrease of O3. In the absence of NO or at suﬃciently low NO concentrations
(which are deﬁned below), reactions of O3 with OH and HO2 radicals
OH + O3 → HO2 + O2 (2.13)
HO2 + O3 → OH + 2O2 (2.14)
are additional loss processes for tropospheric ozone.
Net photochemical formation of O3 versus net photochemical loss of O3 in the tro-
posphere therefore depends on the NO concentration, where the threshold NO mixing
ratio of 10-30 pptv was identiﬁed [44]. NO mixing ratio above that value would lead to
net photochemical O3 formation whereas mixing ratio below would lead to net photo-
chemical O3 destruction.
As previously discussed, all VOCs are transformed in the troposphere by essentially
the same processes. However, as evident from the range of tropospheric lifetimes for
VOCs shown in Table 2.4, diﬀerent VOCs react at diﬀering rates in the troposphere.
In Chapter 7, results from correlation analysis between acetone and carbon monox-
ide in the upper troposphere is given. Therefore, a short discussion on the role of
acetone in the atmopshere is provided.
2.3.1 The role of acetone in the atmosphere
Acetone is an omnipresent atmospheric specie with a mixing ratio in the range of
0.2-3 ppbv and an atmospheric inventory of 3.8Tg [45, 46]. Under extremely clean con-
ditions, ground-level background mixing ratios of 550 pptv have been found throughout
the North hemispheric troposphere. In the free troposphere, acetone mixing ratios on
the order of 500 pptv are present at northern mid-latitudes, declining to about 200 pptv
at Southern latitudes [24].
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Table 2.4: Calculated lifetimes for selected VOCs with respect to photolysis, reaction
with the OH radical, reaction with the NO3 radical, and reaction with O3. Adapted
from Atkinson [15].
Lifetime due toa,b
Organic OHc NO3
d O3
e Photolysisf
Limonene 50min 3min 2.0 hours -
α-Pinene 2.6 hours 5min 4.6 hours -
Isoprene 1.4 hours 50min 1.3 days -
2-3-Butanedione 49 days - - 1 hour
trans-2-Butene 2.2 hours 1.4 hours 2.1 hours -
Styrene 2.4 hours 3.7 hours 1.0 day -
Pinonaldehyde 2.9 hours 2.3 days > 2.2 yr -
Formaldehyde 1.2 days 80 days > 4.5 yr 4 hours
Propene 5.3 hours 4.9 days 1.6 days -
Butanal 5.9 hours - - -
Acetaldehyde 8.8 hours 17 days > 4.5 yr 6 days
Diethyl ether 11 hours 17 days - -
Benzaldehyde 11 hours 18 days - -
2-Butanol 1.3 days 17 days - -
Ethene 1.4 days 225 days 10 days -
Toluene 1.9 days 1.9 yr > 4.5 yr -
2-Pentanone 2.4 days - - -
2,2,4-Trimethylpentane 3.2 days 1.4 yr - -
Ethanol 3.5 days 26 days - -
Dimethyl ether 4.1 days 180 days - -
Benzene 9.4 days > 4 yr > 4.5 yr -
Propane 10 days ∼7 yr > 4500 yr -
Methanolg 12 days 1 yr - -
Acetone 53 days > 11 yr - ∼60 days
a Rate constants at ∼298K.
b VOCs lifetime are often revised due to better understanding of reaction quan-
tum yields, atmospheric budget and local concentration.
c For a 12-h daytime average OH concentration of 2.0×106 molecule cm−3.
d For a 12-h nighttime average NO3 concentration of 5×108 molecule cm−3.
e For a 24-h average O3 concentration of 7×1011 molecule cm−3.
f For overhead sun.
g Wet and dry deposition also expected to be important.
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From atmospheric data and three-dimensional photochemical models, a global ace-
tone source of 95±15Tg yr−1 has been estimated, composed of emission from terrestrial
vegetation (33%), photochemical degradation of dissolved organic matter in oceans
(26%), oxidation of C3-C5 isoalkanes (26%), oxidation of monoterpenes and methyl-
butenol (7%), emission from biomass burning (5%), emission from plant decay (2%),
and from anthropogenic emissions (1%) [46].
It must be however stressed that there is still no agreement on the acetone budget.
Recent studies, in fact, have modiﬁed signiﬁcantly the estimated sources/sinks.
Currently it is widely thought that acetone has a net sink in the ocean [47, 48]. The
lack of emissions from the ocean in the budget, however, is partially compensated by
reduced photolysis yields [27] and increased biogenic emissions [47].
The long lifetime of acetone near the surface allows for transport out of the bound-
ary layer [43], where its photolysis play an important role in the upper troposphere
chemistry [24–26]. Its photolysis at wavelength λ=389 nm yields acetyl radicals
CH3C(O)CH3 +hν → CH3CO˙ + CH˙3 (2.15)
which then react with O2 to produce peroxyacetyl radicals
CH3CO˙ + O2 + M → CH3CO(O˙2) + M (2.16)
which can further react with NO2 to form relatively stable peroxyacetyl nitrate (PAN)
CH3CO(O˙2) + NO2 + M → CH3CO(O2)NO2 + M (2.17)
In the cold, dry conditions of the upper troposphere, acetone photolysis is an impor-
tant initiator of free-radical chemistry, leading to generation of O3 and OH. Formerly
it was assumed to be HOx dominant precursor [22–26] although recent studies have
considerably reduced it [27].
Instead of producing peroxyacetyl radicals (Reaction 2.16), acetyl radicals may react
with O2 as follows [25]:
CH3CO˙ + O2 → OH + products (2.18)
leading to a net formation of OH.
Theoretical calculations showed that reaction of HO2 with acetone could be an
important sink and source for acetic acid in the tropopause region [49]. Nevertheless
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recent experimental results have not conﬁrmed such claims [28].
Besides ﬁrst retrievals from infrared spectrometers onboard balloons [50] and satel-
lites [51], precise acetone data from the UT/LMS have originated from research aircraft
campaigns [24, 30, 52–60].
Recently, results from CARIBIC project have been published (as depicted in Fig. 2.3)
with the ﬁrst systematic and regular monitoring of acetone in the extratropical UT/LS
over a period of 3 years [34]. More accurate observations of acetone in the UT/LS are
expected to contribute to a better understanding of its atmospheric budget and thus
better quantiﬁcation of its role in the oxidative cycle of the atmosphere.
Figure 2.3: Seasonal variation of acetone in the UT/LS. Mixing ratios in pptv (see color
scale) for a range of distances relative to the thermal tropopause. Reproduced from Sprung
and Zahn[34].
2.4 Conclusion
This Chapter has presented a brief overview on the distribution and chemical reactions
of VOCs in the atmosphere. Emitted from a wide variety of natural and man-made
sources, in the troposphere, VOCs are transformed in other species mostly due to
photolysis, reaction with OH, reaction with NO3, and reaction with O3. As a result
from such reactions, VOCs may form secondary organic aerosols, one of the largest
unknowns in present climate modelling.
Special focus is given on acetone, an omnipresent atmospheric specie. The relative
long lifetime of acetone allows for transport out of the boundary layer where its pho-
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tolysis leads to formation of PAN, one of the main compounds of the reactive nitrogen
family (NOy) and a major temporary NOx reservoir gas. Acetone is considered to
have an important role in the oxidative cycle in the atmosphere, still not accurately
quantiﬁed.
The next Chapter describes the Proton-Transfer-Reaction mass spectrometry (PTR-
MS), a chemical ionization technique for real time measurement of many VOCs which
has strongly contributed for a better understanding of atmospheric chemistry in the
past decade.
16
Chapter 3
Proton Transfer Reaction mass
spectrometry
Proton-Transfer-Reaction mass spectrometry (PTR-MS) allows real-time measurement
of Volatile Organic Compounds (VOCs) in air with high sensitivity. This Chapter
presents an overview of the technique and is intended to familiarize the reader with
state-of-the-art PTR-MS technology, referred throughout the rest of the work.
Up-to-date, the technology has been applied in a number of diﬀerent ﬁelds including
atmospheric chemistry [29, 61], air quality [62], aerosol formation chemistry [63], breath
analysis [64, 65], ﬂavor chemistry [66], food diagnostics [67, 68], and the study of
biochemical pathways in plants and small animals [69, 70]. Here, focus will be given
on the atmospheric chemistry application.
For a clear and elucidative presentation, this Chapter is divided according to the
major components of a PTR mass spectrometer:
1. Ion source
2. Reaction chamber
3. Detection system
The function of each component will be outlined from Sections 3.2 to 3.4, along
with the ongoing physical processes. Moreover, alternative designs to the so-called
”standard” PTR-MS, which refer to the original design proposed by Lindinger et al.
[71, 72], are brieﬂy discussed. The use of diﬀerent reagent ions allows diﬀerent species
to be detected. A review on alternative reagent ions is given in Section 3.5.
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The calibration of the PTR-MS is discussed in Section 3.6. In this respect, see
Chapter 4, where a new unheated calibration source designed for ﬁeld campaigns is de-
scribed. Finally, a short review on the application of PTR-MS in atmospheric chemistry
is given in Section 3.7.
3.1 Historical background
3.1.1 Mass spectrometry is born
The mass spectrometry has not long ago completed 100 years of existence. J.J. Thom-
son, at the University of Cambridge, developed in 1897 an apparatus that, by the use of
magnetic deﬂection, was able to measure the mass of the electron, an achievement for
which he was awarded the Nobel prize in 1906 in physics. Later, mass spectrometry was
used to separate and prove the existence of elemental isotopes. It was the importance
of isotopes to the Manhattan Project and World War II that led its use to disseminate,
mainly applied to better understand the fundamental nature of the atom.
Mass spectrometry ﬁrst expanded outside nuclear physics in the 1930s. Together
with biologists, Nier provided 13C-enriched carbon for tracer studies. Along with geo-
chemists, Nier measured 207Pb/206Pb in the planet’s crust to determine the age of the
earth as well.
By the 1940s, mass spectrometers were commercially available and MS was ﬁrmly
established as a useful technique among physicists and industrial chemists. The next
breakthrough was to use MS to identify unknown molecular structures, under leadership
of McLaﬀerty[73], Biemann[74], and Djerassi[75]. These three chemists in distinct
groups in the U.S. revolutionized the use of mass spectrometers into the chemistry
community and laid the groundwork for modern biological MS research.
In the 1950s, A.T. James and J.P. Martin proposed gas chromatography (GC) [76],
a technique for compound separation that was some years later successfully coupled to
a mass spectrometer by McLaﬀerty and Gohlke. The technique is still largely used in
many ﬁelds - including VOC analysis (more on Section 3.4.2).
3.1.2 From early mass spectrometers to the PTR-MS
Since Thomsom’s ﬁrst model, many orders of magnitude improvement in accuracy, limit
of detection and mass resolution have been achieved. Nevertheless, mass spectrometry
relies on the same key process, sample ionization and ion detection.
In 1966, Munson and Field led a revolution in sample ionization, developing the
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chemical ionization mass spectrometry (CI-MS) [77]. It is considered of the origin of
PTR-MS and many other techniques largely used nowadays.
Through electron impact, a primary molecule (present in large excess) is ionized
forming the reagent ion P±ion (Reaction 3.1). After being formed, the reagent ion under-
goes gas phase ion/molecules reactions with a secondary compound S present at low
concentration (usually < 1%) creating the secondary ion S±1 and neutrals (Reaction 3.2).
e + Pion → P±ion (3.1)
P±ion + S → S±1 +N1 (3.2)
It may occur that the product ion itself will fragment in one or more pathways (Reac-
tion 3.3), hence, analysis of the array of ions S±1 to S
±
i will provide valuable information
on P, S and N.
S±1 → S±2 +N2
→ S±3 +N3 (3.3)
→ S±i +Ni
By making use of gas-phase ion/molecule reactions to ionize molecules of interest,
the choice of primary and secondary compound can be tailored for every problem. In the
analysis of VOCs, H3O
+ is often used as primary ion (P±ion) due to its selective ionization
and low fragmentation (slightly exothermic ionizing reaction with most VOCs).
Still in the 1960s, a major improvement in the CI-MS technique was made. Fer-
guson and co-workers introduced the so-called swarm technique, by making use of a
ﬂowing afterglow (FA) [78, 79]. Prior to the swarm technique, Reactions 3.1 to 3.3 were
performed in one single reactor. However, in the FA, ions were stabilized in an ion
source before being extracted through a gas ﬂow into a separate chamber, where they
would react with molecules.
A weakness of the technique was related to the reagent ion purity. For reactions
of relatively simple ions, such as N+2 , this caused little diﬃculty, but for more complex
molecular ions, the possibility of producing a variety of secondary ions in the discharge
source caused excessive complications in the product analysis. This key step was tackled
by Adams and Smith in a ground-breaking piece of work that introduced the Selected
Ion Flow Tube (SIFT) technique [80].
The basic components of a SIFT instrument are illustrated in Fig. 3.1. As in the
ﬂowing afterglow method, ions are produced by an electrical discharge, but now a
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quadrupole ﬁlter allows ions of only a speciﬁc reagent ion (P±ion) to pass into the next
part of the instrument, the ﬂow tube.
In the ﬂow tube, selected primary ions are mixed with ﬂowing helium, whose purpose
is to thermalize the ions for the ion/molecule reactions. The neutral reagent is added
downstream of the inlet (after proper primary ion thermalization). The resulting ion
products and unreacted ions are then detected by the mass spectrometer at the end of
the ﬂow tube.
Since the reaction time is solely determined by the distance travelled by the reacting
mixture (ﬂow tube) and the ﬂow rate of the carrier gas, a kinetic analysis of the ion-
molecule chemistry is possible if the ﬂow rate is varied.
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Figure 3.1: Schematic view of a Selected Ion Flow Tube instrument.
Early work with SIFT concentrated on fundamental studies of ion-molecule reaction
kinetics as well as being of enormous value in other ﬁelds where ion-molecule reactions
are important, such as atmospheric and interstellar chemistry. SIFT is still used today
for the investigation of ion-molecule reaction kinetics, but it has also been developed
as a means of detecting and quantifying trace gases in air [81, 82].
The apparatus employed is essentially the same as that shown in Fig. 3.1, but at the
point where neutral reagent S is injected, the analyte sample (e.g. air) is continuously
added instead. The focus on organic compounds is achieved by careful selection of
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the reagent ions. Due to ionization selectivity, normal constituents of clean air are
”transparent” to the spectrometer. As previously discussed, the most commonly used
primary ion for VOCs analysis is H3O
+, which ionizes via proton transfer reaction.
Other ions, such as NO+ and O+2 , have also received considerable attention. A more
detailed description of such ionization reactions will be given in the Section 3.3.
Variations of the SIFT-MS technique have been carried out. Lindinger and co-
workers coupled a high purity H3O
+ source with a ﬂow drift tube in 1994 and showed
that this was an eﬀective approach to analyse trace organic gases in air [83]. In a ﬂow
tube, ions are transported by added carrier gas, whereas in a drift tube an electric ﬁeld
is responsible for the ion transport. A ﬂow drift tube combines the two.
The eﬀect of the electrical ﬁeld in the selected ion ﬂow drift tube mass spectrometry
(SIFDT-MS) experiment is to increase the average collision energy of an ion with the
buﬀer gas. This results in the declustering of hydrated hydronium ions of the type
H3O
+·(H2O)n, which tend to be formed in humid air and complicate kinetic analysis.
PTR-MS as it is known today was introduced by Lindinger in 1995 and involved
two further important changes [71]. First, the mass ﬁlter that is employed in SIFT to
select primary ions was dispensed and replaced with a hollow-cathode discharge source
to generate H3O
+ with high eﬃciency. A second innovation was to replace the ﬂow
tube with a relatively short drift tube (Fig. 3.2). Instead of employing a carrier gas to
transport ions along the tube, the analyte air sample was directly injected into the drift
tube and the unreactive components of the air (N2, O2, etc.) served as thermalizing
agents, important for regulating the ion kinetic energy. The replacement of a drift tube
where a DC ﬁeld guides the ions instead of buﬀer ﬂow allowed the use of much smaller
pumps, improving its portability.
In SIFT-MS, the dilution of the analyte gas ﬂow in excess helium is essential to
minimize ion-molecule cluster formation, particularly those derived from residual water
vapour. However, the substantially higher ion-molecule collision energies at the PTR-
MS drift tube reduces H3O
+·(H2O)n and other cluster ions to considerably low levels
without sample dilution. This can come at the expense of a shorter reaction time and
some additional product ion fragmentation when compared to SIFT-MS, but the net
result is a detection sensitivity for PTR-MS that is two orders of magnitude higher
than that for SIFT-MS.
In the following, the major components of a PTR-MS are presented. In each Section,
a general overview on the ongoing processes is presented, followed by description of the
so-called “standard” version. Up-to-date published variations worth of note conclude
each Section.
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Figure 3.2: Schematic view of a PTR-MS.
3.2 The ion source
The chemical ionization reaction in the PTR-MS yields:
e− + H2O → . . . → H3O+ (3.4)
H3O
+ +R → H2O+RH+ (3.5)
where H3O
+ and RH+ are the primary and secondary ions, respectively.
Note that Reaction 3.4 depicts only the ﬁrst and last stage of the primary ion
creation and the proton transfer depicted in Reaction 3.5 occurs only if energetically
allowed, i.e. the proton aﬃnity (PA) of R is higher than that of H2O.
If RH+ is assumed to be the only product, and, furthermore, conditions are chosen
such that [H3O
+][RH+], then a simple kinetic analysis shows that:
[RH+] = [H3O
+] · κ · t · [R] (3.6)
where κ is the proton-transfer rate coeﬃcient and t is the reaction time.
VOC with mixing ratios as low pptv (pptv = 10−12mol/mol) can have an important
role in the atmospheric chemistry, formation of secondary organic aerosol and inﬂuence
22
3.2 The ion source
human health (Chapter 2). Consequently, high accuracy on low mixing ratios is an
ongoing goal of in-situ VOC measurement devices.
The hollow cathode discharge source used in the PTR-MS provides a high number
of H3O
+ primary ions (∼ 1010 ions/sec) with high degree of purity (>95%). However,
the ion production rate is known to be extremely sensitive in many aspects, such as
surface homogeneity (which deteriorates over time), pressure, geometry, H2O purity,
etc [29, 72].
For atmospheric VOC measurements, optimal behaviour of the ion source is crucial,
because the system sensitivity is directly proportional to the number of primary ions in
the reaction chamber (Reaction 3.6). Inversely, relative small changes in the ion source
design have played an important role in the systems’ large (factor ∼30) sensitivity
improvement since ﬁrst published by Lindinger et al. [71, 84].
3.2.1 The hollow cathode discharge source
The ion source used in the PTR-MS is called hollow cathode discharge source, or
negative glow ion source. The former refers to the ion production process, by electrical
discharge through a gas (e.g. water vapour). The latter to its violet light emitted by
the ion-producing plasma.
The ﬁrst report of a hollow cathode discharge (HCD) traces back to 1916, by F.
Paschen. During many decades, it has been extensively used as a light source for
spectrochemical analysis. In the 1970s, Howorka, Lindinger and colleagues published
the use of HCD as an ion source for ion-molecule reaction analysis [85, 86].
Simply put, the HCD ion source combines two mechanisms, the glow discharge and
the hollow cathode eﬀect. The former deals with a controlled discharge which forms a
plasma where electrons gain enough energy for ionizing or fragmenting neutrals. The
latter increases the current density by a factor up to 103 due to geometrical considera-
tions [87].
Through a quartz glass window at ion source, is possible to see the hollow cathode
glow discharge and its diﬀerent regions (Fig. 3.3). A more complete description of the
ion production mechanisms in the HCD ion source is provided in AppendixA.
The ion source comprises two anodes (at same potential) and one cathode (Fig. 3.4).
When the voltage between the electrodes is high enough, electrical breakdown occurs.
Stability in ion production is ensured by regulating the discharge current. In the
following, the PTR-MS ion source is presented.
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Figure 3.3: View through a quartz glass of the ion production plasma and its regions on
a HCD ion source. Picture taken during ion source optimization.
PTR-MS Ion source
The PTR-MS ion source is depicted in Fig. 3.4. It is usually supplied with 6 standard
cubic centimetres per minute (sccm) of water vapour, extracted from the headspace of
a liquid water reservoir.
At the ion source, ions such as O+, H+, H+2 , OH
+ and H2O
+ are produced. These
ions undergo many collisions with the neutral gas in the hollow cathode. As Table 3.1
shows, all ions produced by electron impact react with H2O and ﬁnally end up as H3O
+
ions.
Table 3.1: Reactions of ions produced by electron impact upon H2O [71].
Reaction Rate constant (10−9cm3 s−1)
O+ + H2O → H2O+ + O 2.6
H+ + H2O → H2O+ + H 8.2
H+2 + H2O → H3O+ + H 3.4
H+2 + H2O → H2O+ + H2 3.7
OH+ + H2O → H3O+ + O 1.3
OH+ + H2O → H2O+ + OH 1.8
H2O
+ + H2O → H3O+ + OH 1.8
By leaving the ion production region (through an oriﬁce in the bottom anode), not
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all ions have ﬁnished the reaction chain that ultimately leads to H3O
+. Therefore, an
intermediate chamber called ion source drift region (ISDR, Fig. 3.4, shown in yellow)
has been considered [71].
A second function of the ISDR is to pump out most of the water vapour from the ion
source to minimize water leakage into the reaction chamber (discussed in Section 3.3).
At the end of the ISDR there is a second oriﬁce that leads to the reaction chamber
(seen in blue).
Figure 3.4: CAD view of the PTR-MS hollow cathode ion source. In red: anodes; in
cyan: cathode; in yellow: ISDR; in blue: entrance to drift tube. Water vapour is supplied
at the top anode and most of it is pumped out at the ISDR. The bottom anode oriﬁce has
a 0.6mm diameter and the entrance of reaction chamber oriﬁce has a 0.5mm diameter.
By varying the accelerating voltage in the ISDR, more H3O
+ ions will be transmit-
ted into the reaction chamber, however at the cost of producing a higher fraction of
O+2 and NO
+ impurity ions [29]. The latter are formed from air back streaming from
the drift tube into the ion source. These impurity ions are unwanted as they undergo
charge-transfer reactions with most VOCs [88].
Over time, carbon is deposited on the ion source walls. This arises either from
impurities in the water vapour or air leak from drift tube and leads to a decrease in ion
source eﬃciency. Therefore, ion source inner surfaces must be regularly (depending on
discharge current and contamination rate) cleaned and polished.
Under standard operating conditions (pressure inside ion source ∼3 hPa, 10mm in-
ner diameter), a voltage diﬀerence between cathode and anode of 600V usually suﬃces
for electrical breakdown to occur. The operating voltage stabilizes at around 450V and
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the ion current is regulated between 3-8mA. Results presented in this work have been
obtained with 5mA discharge current.
3.2.2 Alternative designs
Despite small modiﬁcations, the ion source mostly used nowadays in the PTR-MS is
essentially the same as presented by Lindinger et al. in 1995 [71]. Nevertheless, inter-
esting alternative designs have been proposed throughout the years. In the following,
a few selected designs are brieﬂy discussed, completing the overview of state-of-the-art
PTR-MS ion sources.
Radioactive ion source
An interesting alternative to the HCD ion source was proposed by Hanson et al. [89].
Instead of using electrical discharge, the ion source exploits a low-level α particle emit-
ter, 241Am, to ionize water vapour and generate H3O
+. The α source is deposited on
a metal strip located at the inner wall of a protective stainless steel cylinder, which re-
places the discharge region in a hollow-cathode source. For this ion source, no external
current driver is required and the long-term stability of the ion current is excellent [90].
Instead of pure water vapour, 20 sccm of a N2/H2O mixture is fed to the ion source.
This acts to minimize the backstreaming of air and allows the drift tube to be op-
erated at higher pressures, which confers higher VOC detection sensitivity (more on
Section 3.3). Sensitivities of several hundred Hz per ppbv (ppbv = 10−9mol/mol) were
achieved for common VOCs such as acetone and isoprene, which means that detection
sensitivities of a few tens of pptV for individual VOCs are possible in well under 1 s.
Although such ion source presents several advantages, some points are worth of
note. In some circumstances (e.g. aircraft deployment), the inclusion of a radioactive
component is undesirable from the (perceived) safety point of view. Moreover, the H2O
dilution in N2 requires a high-pressurized gas bottle, thus increasing the instrument
size/weight.
High pressure circular glow ion source
With the disadvantages of a radioactive ion source in mind, Hanson et al. presented a
high pressure circular glow discharge ion source [91].
The ions are produced in a circularly shaped sub-normal glow discharge, where the
discharge current is ∼45 μA at a voltage drop of ∼380V. Unlike the radioactive ion
source, the ion source is not fed with an H2O/N2 mixture. Instead, humidiﬁed clean
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air (∼3%) is supplied, obtained by a simple set-up of a catalyst converter and a water
bubbler.
Due to its geometry it does not require a secondary chamber to convert unwanted
ions to H3O
+. By making use of humidiﬁed air, no additional pumping of the ion
source is necessary. Moreover, it can be directly coupled with a higher pressure drift
tube (Section 3.3).
Despite using a higher pressure in the drift tube, the reported sensitivity is com-
parable with a standard PTR-MS, which indicates a lower ion production eﬃciency.
Moreover, impurity ions (O2
+, NO+) show comparable levels with standard systems
(1.5–3%).
Planar ion source
An alternative plane electrode discharge source has recently been reported by Inomata
and co-workers [92]. As in the hollow-cathode source (Fig. 3.4), there is both a primary
discharge region and a source drift region prior to the drift tube, seen in Fig. 3.5.
Figure 3.5: Planar ion source and drift tube proposed by Inomata [92]. ED1-ED2:
Primary discharge region; ED2-ED3: ISDR.
The discharge is initiated by the entrance of water vapour between the anode and
cathode plates. To help conﬁne the discharge to this primary region, the primary and
source drift regions are separated by a capillary of length 12mm and diameter 1mm in
the cathode. With the capillary, air backstreaming is strongly reduced, therefore, even
with a drift tube operated at a higher pressure (Section 3.3.2), the level of contamination
by O+2 and NO
+ is low (∼0.5%).
A lower H3O
+ production rate from the ion source is compensated by high-pressure
drift tube, achieving comparable sensitivity to a standard PTR-MS. Therefore, its main
advantages relies on the low impurities production.
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Oﬀ-axis ion source
In Section 3.6, sensitivity and measurement noise of the PTR-MS system will be dis-
cussed. Brieﬂy, energetic photons created in the ion source glow discharge can reach the
ion counter. This leads to quite high background noise, an issue partially overcome by
tilting the drift tube. As such, due to the angle of inclination, most of the charged ions
(but not the photons) will still follow the distorted electrical ﬁelds, being transmitted
to the detection region.
Recently, Mikoviny et al. [93] presented a high temperature reaction chamber made
of a resistive glass. However, due to its construction, tilting is not possible. In order to
reduce noise on the detector, a new ion source had to be developed. In the proposed
model, three oﬀ-axis hollow cylinder cathodes replace the standard PTR-MS ion source
single on-axis cathode (Fig. 3.6). An exit anode lens with one central oriﬁce of 0.8mm
diameter and three 0.5mm diameter oriﬁces, which were aligned with the cathode
hollow cylinders. A water vapour ﬂow of 8 sccm was supplied to the ion source.
Figure 3.6: View of the oﬀ-axis ion source and drift tube proposed by Mikoviny et al.
[93].
Ion production eﬃciency and impurity concentrations are comparable with the stan-
dard PTR-MS ion source, while maintaining low noise in the detector without tilting
the drift tube.
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3.3 The reaction chamber
The reaction chamber of a CI-MS is where the primary ions – H3O
+ in the PTR-MS –
will undergo ion/molecule reaction with neutrals (Eq. 3.5 on Page 22).
As previously discussed, due to the proton aﬃnity, many compounds found in clean
air (e.g. N2, O2, CO2) will not be ionized. Therefore air acts as buﬀer gas and as
analyte carrier. Table 3.2 depicts some of the compounds found in air and their proton
aﬃnity. Note that the detection mass is increased by one, due to the extra proton.
Besides ionization selectivity, another advantage in using H3O
+ as primary ion arises
from the relatively small proton aﬃnity (PA) diﬀerence between water and most VOCs.
A small PA diﬀerence means that the energy released by the reaction is considerably
small (usually below 2.7×10−22 kJ or 1.7 eV), which strongly minimizes fragmentation
that could otherwise complicate the spectrum analysis. However, for VOCs with proton
aﬃnity only slightly higher than that of water, the exothermicity of the ionization
reaction (Reaction 3.5) is small and the rate coeﬃcient of the reverse reaction
H2O+RH
+ → H3O+ +R (3.7)
is non-negligible.
This is the case, for example, of formaldehyde. The rate coeﬃcient for the reverse
reaction is several orders of magnitude lower than that of the forward reaction, but
since the H2O concentration in the drift tube is much higher than the concentration of
R, the overall rate of the forward and backward reactions can be comparable. Due to
Chatelier’s principle, the proton-transfer between H3O
+ and VOCs such as formalde-
hyde is less eﬃcient, and moreover, the overall rate depends on the humidity of the
sampled air (Section 3.6).
The primary and secondary ions may cluster with water molecules in the sampled
air as such:
H3O
+ + nH2O ↔ H3O+ · (H2O)n (3.8)
RH+ + nH2O ↔ RH+ · (H2O)n (3.9)
Secondary ionization for most VOCs by proton transfer from a water clustered
primary is allowed, as such:
H3O
+ · (H2O) + R → RH+ + 2H2O (3.10)
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Table 3.2: Proton aﬃnity and mass of detection (if any) of some compounds
found in air. Obtained from NIST Chemistry WebBook
Compound Formula Proton Aﬃnity Detection mass
(kJ/mol) (amu)
Helium He 177.8 -
Argon Ar 369.2 -
Oxygen O2 421. -
Nitrogen N2 493.8 -
Carbon dioxide CO2 540.5 -
Methane CH4 543.5 -
Carbon monoxide CO 594. -
Ozone O3 625.5 -
Water H2O 691. 19
Hydrogen sulphide H2S 705. 35
Hydrogen cyanide HCN 712.9 28
Formaldehyde CH2O 712.9 31
Formic acid HCOOH 742.0 47
Benzene C6H6 750.4 79
Methanol CH3OH 754.3 33
Acetaldehyde CH3CHO 768.5 45
Ethanol C2H5OH 776.4 47
Acetonitrile CH3CN 779.2 42
1,3-Butadienea C4H6 783.4 55
Acetic acid CH3COOH 783.7 61
Propanal C2H5COH 786.0 59
Propanoic acid C2H5COOH 797.2 75
Acetone CH3COCH3 812.0 59
Isoprene C5H8 826.4 69
Dimethyl sulphide CH3SCH3 830.9 63
Ammoniaa NH3 853.6 18
Nitrous acida HONO 858.4 30
a Despite compound ionization, ion source impurities complicate de-
tection. Details in Section 3.5.
30
3.3 The reaction chamber
Since the PAs of (H2O)n clusters are higher than that of H2O, detection of species
with a low PA (e.g. benzene and toluene) will be strongly dependent on humidity [94].
For all others, compound ionization is determined by Reactions 3.5 and 3.10 and is,
consequently, independent of humidity. Nevertheless, it does not ensure a humidity-
insensitive detection, given the diﬀerent ion transmission for clustered ions and even
possible mass overlap with other compounds/impurities.
By increasing the kinetic energy of the ions, the cluster hydrogen bond breaks as the
ion collides with neutrals. This is accomplished by applying an electric ﬁeld over the
length of the drift tube. If the electrical ﬁeld is set too high, ionization may occur by
other channels (e.g. electron removal). Moreover, reaction (or drift) time is shorter at
higher electrical ﬁelds, reducing the sensitivity. Therefore, the electrical ﬁeld is usually
chosen as a compromise between water clustered primary ions, fragments/impurities,
and sensitivity.
3.3.1 Ion kinetics
When an electrical ﬁeld E is applied, the ions will traverse the drift tube with an
average drift velocity
νd = μ× E (3.11)
where μ is the ion mobility [95]. Generally, the reduced mobility μ0 is deﬁned as:
μ0 =
p
p0
× T0
T
× μ = N
N0
× μ (3.12)
where p is the pressure, T the temperature, and N the number density of the gas in
the drift tube. The parameter N0 is the gas number density at standard pressure p0
(1 atm) and temperature T0 (273.15K). Substituting Eq. 3.12 into 3.11 gives
νd = μ0 ·N0 × (E/N) (3.13)
Equation 3.13 shows the drift velocity as a function of the parameter E/N , which
is frequently used when dealing with PTR-MS or ion mobility studies. It is expressed
in units of Townsend (1Td=10−17Vcm2). Usual value for PTR-MS is around 120Td,
corresponding to an kinetic energy of the ions of 0.25 eV. The time t the ion takes to
traverse the drift tube, and, correspondingly, the reaction time, is given by
t =
L
νd
=
L
μ0N0
× (E/N)−1 (3.14)
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An eﬀective ion temperature Teﬀ , related to the kinetic energy, can be deﬁned as well
[96]:
3
2
κBTeﬀ =
1
2
mbν
2
d +
3
2
κBT (3.15)
where κB is the Boltzmann constant (1.3806503×10−23m2 kg s−2K−1) and mb is the
molecular mass of the buﬀer gas.
This equation is a modiﬁed version of the Wannier expression [97]. Teﬀ is a useful
parameter for the calculation of cluster formation and, along with E/N parameter,
often used for characterizing the system.
Using Eqs. 3.6 (Page 22) and 3.14, the fraction of H3O
+ ions converted to RH+ ions
can be expressed as
[RH+]
[H3O
+]
= [R]× κL
μ0N0
×
(
E
N
)−1
= VMR× κL
μ0N0
× N
2
E
(3.16)
where VMR is the volume mixing ratio of a trace gas R. From Eq. 3.16 the normalized
sensitivity can be obtained, deﬁned as the signal of RH+ ions obtained at a VMR of
1 ppbv and normalized to a H3O
+ signal of 106 counts per second:
Sensitivity = 10−3 × kL
μ0N0
× N
2
E
× T(RH
+)
T(H3O
+)
(3.17)
The sensitivity is expressed in units of normalized counts per second and ppbv (ncps
ppbv−1). Sensitivity can be given in absolute values, simply multiplying by primary
counts (in MHz). The factors T(RH+) and T(H3O
+) are the detection eﬃciencies for
RH+ and H3O
+ ions, respectively. The diﬀerences in these factors are determined
by the mass-dependent transmission of the mass ﬁlter and, to a lesser extent, by the
electrostatic lenses, which focus the ions into the detection system. Detection eﬃciency
is discussed in Section 3.4.
As the ions traverse the drift tube, through Brownian motion, they diﬀuse away
from the centre axis. If an ion has diﬀused a distance large enough, it will be lost to
the wall.
This distance can be quantiﬁed using the root-mean-square displacement (RMSD)
of a one-dimensional δ-function after being subject to diﬀusion for the residence time
in the drift tube t,
RMSD =
√
2Dt (3.18)
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withD being the transverse diﬀusion coeﬃcient of the ion. For SIFT-MS, at vanishingly
small electrical ﬁelds, this relationship is well established. However, the drift tube of a
PTR-MS is not operated at vanishingly electric ﬁeld but rather at E/N of ∼120Td. At
such conditions, RMSD is expected to be much higher, and moreover, quite diﬀerent for
diﬀerent ions [98]. The RMSD obtained through ion trajectory simulation is discussed
in Chapter 5.
3.3.2 The drift tube
The standard PTR-MS reaction chamber, or drift tube, is depicted in Fig. 3.7. The ion
source drift region (discussed in Section 3.2.1) is shown in yellow and the entrance of
the drift tube, in blue. The drift tube is 8.8 cm long, constructed with circular stainless
steel guide plates (shown in dark gray) separated by teﬂon cylinders (in white).
An air ﬂow of usually 35 sccm sustains a pressure of 2.3 hPa, where air exchange time
is ∼0.2 s. The partial pressure of water in the drift tube usually amounts to 0.3 hPa.
A voltage of 600V (for E/N=120Td) is applied along the drift tube. A sequence of
resistors provides a linear voltage drop. With such conditions, the drift time is ∼100μs.
With an oriﬁce of 1.4mm diameter, the drift tube end piece is depicted in light blue.
An intermediate piece, shown in green, is at the same potential as the drift tube end
piece. In orange is the nose cone plate, the last PTR-MS electrode before the entrance
of the quadrupole ﬁlter, shown in brown.
3.3.3 Alternative designs
Several variations of the PTR-MS drift tube have been proposed over the years. Whereas
many of those systems do not share the same applications (e.g. ﬁeld campaigns), their
description provides an overview on state-of-the-art PTR-MS technology. In the fol-
lowing, a few selected designs are brieﬂy discussed.
50 cm long drift tube
In 2000, de Gouw and colleagues reported measurement of VOCs emitted from crops
using a home-made PTR-MS with a 50 cm long drift tube [99, 100]. A longer drift tube
allows for longer reaction time, hence larger sensitivities (they reported 78 ncps/ppbv
for acetone, in comparison to the standard ∼20 ncps/ppbv). However, such drift tube
presents two drawbacks: (i) a higher accelerating voltage is required for maintaining
the same E/N ratio (3.5 kV), and most importantly, (ii) in order to maintain a fast
air exchange time, the air ﬂow must be increased to 360 sccm. Therefore, much larger
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Figure 3.7: 8.8 cm long PTR-MS drift tube. In yellow: ion source drift region; blue:
entrance of drift tube and sample air inlet; dark grey: stainless steel guide plates; white:
Teﬂon cylinders; light blue: end plate of the drift tube; green: intermediate piece; orange:
nose cone plate; brown: entrance of quadrupole; light grey: vacuum tubing. For details
see text.
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pumps are required, which decreases the system portability. With the usual PTR-MS
drift tube ﬂow (35 sccm), air exchange time would be above 5 s.
High pressure drift tube
Hanson and colleagues published a PTR-MS with a higher pressure drift tube [89, 91].
With an air ﬂow of 80 sccm and end oriﬁce diameter of ∼250μm, the drift tube pressure
is ∼11 hPa. Due to higher pressure, primary ions undergo higher number of collisions,
therefore system sensitivity improves accordingly (e.g acetone is stated 240 ncps/ppbv).
Despite higher (normalized) sensitivity, a higher pressure drift tube presents some
drawbacks: (i) The high pressure presents diﬃculties to cope with an ion source, and
(ii) electrical discharge between the drift tube guide plates may occur due to the higher
electrical ﬁeld (∼370V cm−1) for E/N=110Td.
High temperature drift tube
Two diﬀerent groups have reported a high temperature drift tube. It has been used for
aerosol measurements [101], or for measuring ”sticky” or semi-volatile trace gases[93].
Both system are similar, however the latter will be described due to a more complete
system description given on their publication.
This system has been previously mentioned (Section 3.2.2), due to its out-of-axis
ion source. A high temperature (250◦C) drift tube reduces strongly memory eﬀect and
allows measurement of compounds with vapour pressure as low as 7×10−7 hPa under
ambient temperature. The system was operated under standard pressure and electrical
ﬁeld, 2.0-2.4 hPa and 80-130Td, respectively.
Circular stainless steel guide plates and teﬂon spacers have been replaced by a
15 cm long resistive glass, which withstands temperatures of up to 400◦C. The sealing
materials (PEEK and Kalrez), however, lower the operating temperature to 250◦C.
Memory eﬀect has been quantiﬁed by removing abruptly the analyte from sam-
pling air and measuring the 1/e2-signal decay. For pure hydrocarbons, no diﬀerence is
seen between the PTR-MS operated at standard temperatures (∼50◦C) and at 250◦C,
however for “sticky” compounds (e.g., dimethyl sulfoxide (DMSO), ammonia (NH3),
Monoethanolamine (MEA)), decrease time is usually orders of magnitude shorter.
Compounds with very low vapour pressure have been detected as well, such as
Levoglucosan, a particle-bound marker for biomass burning with a vapour pressure
of 7×10−5 hPa at 70◦C (reponse time 8-54 s) and Cis-pinonic acid, a particle-bound
oxidation product of α-pinene with an estimated vapour pressure of 7×10−7 hPa at
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room temperature (response times between 1 and 6min).
Drying of sample air with a cryogenic trap
In 2009, Jobson and McCoskey [102] proposed to use a cryogenic trap in the sample
line. As such, sample air humidity is strongly decreased, facilitating measurement of
compounds whose proton aﬃnity are close to water (e.g. formaldehyde).
For cryogenic trap temperature of−30◦C, drift tube voltage was such that E/N=80Td,
therefore even compounds that do not suﬀer so strongly with ionization back-reaction
(as discussed in page 29) have usually a sensitivity improvement of 100%. Formalde-
hyde, even at 120Td improved from 3.4 ncps/ppbv to 11.3 ncps/ppbv. At 80Td, it was
reported 25 ncps/ppbv.
Despite interesting results, discussion on possible memory eﬀect or interference on
air VOCs is not provided.
3.4 Detection system
The PTR-MS detection system consists of a quadrupole ﬁlter and a secondary electron-
multiplier (SEM). The pressure in this region kept below 10−5 hPa to avoid electrical
discharge in the SEM.
A CAD view of the detection system is shown in Fig. 3.8. In green and orange the
lower pieces of the drift tube and the nose cone, respectively, are shown. The entrance
of the quadrupole ﬁlter, shown in brown, consists of a set of lens design to tune the ion
kinetic energy and ionic beam angle. The quadrupole rods are shown in copper and, in
red, the 90◦ deﬂection plates. Ions are deﬂected 90◦ close to the electron multiplier in
an eﬀort to minimize spurious counts from ion source photons. The electron multiplier
is schematically drawn in beige.
In the following, a closer view into quadrupole ﬁltering is provided. Mathematical
deduction of its operation is provided in AppendixB.
3.4.1 Quadrupole ﬁlter
The linear quadrupole, originally developed for mass spectrometry in the late 1950s by
W. Paul and co-workers [103], is widely used as an ion ﬁlter, ion guide, or adapted as
a linear ion trap. In this Section, the application of the quadrupole as an ion ﬁlter is
presented.
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Figure 3.8: Cut view of detection system. In green: lower pieces of the drift tube; orange:
the nose cone; brown: entrance of the quadrupole ﬁlter; copper: the quadrupole rods; red:
90◦ deﬂection plates; beige: electron multiplier. Details see text.
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A quadrupole ﬁlter comprises four rods where ions travel along their axis. By
combining a DC and RF ﬁeld, only ions with certain m/z are allowed to pass through.
Trajectory stability (deduced in AppendixB) is described considering variables ax and
qx, in the x direction, deﬁned as:
ax =
8z · e · U
m · r20 · Ω2
(3.19)
qx =
4z · e · VRF
m · r20 · Ω2
(3.20)
where z is the number of charges on the ion, e the electron charge in Coulomb, U the
DC voltage applied pole to ground in volts, Ω, the angular frequency of the RF ﬁeld
in Hz, m the ion mass in kg, r0 the distance from the centre to any rod in meters and
VRF the amplitude of RF ﬁeld in volts.
Mass selectivity arises from combination of ax and qx values, referred as stabil-
ity regions. Fig. 3.9 shows a quadrupole system simulated using SIMION (Scientiﬁc
Instrument Services, Inc., USA) on mass ﬁltering mode.
Figure 3.9: Simulation results of 120 ions of m/z=100 (in blue) and 120 ions of m/z=95
(in red) through a quadrupole ﬁlter. Parameters ax and qx (Eqs. 3.19 and 3.20) are chosen
that only ions of 100m/z are allowed through.
If no DC voltage is applied (ax = 0), no ﬁltering is performed by the quadrupole
and it works as an ion guide (Fig 3.10).
Theoretical calculations (see AppendixB) indicate that a mass resolution (ΔM/M ,
where ΔM is the width of the peak at the mass M) of 0.125 is attainable for standard
quadrupole parameters. However, in practice, the resolution is close to unity.
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Figure 3.10: Simulation results of 120 ions of m/z=100 (in blue) and 120 ions of m/z=95
(in red) through a quadrupole ﬁlter. Parameter qx is identical as simulation depicted in
Fig. 3.9, however U=0 (Eq. 3.19, ion guide function).
3.4.2 Alternative mass analysers
Quadrupole ﬁlters represent many advantages within PTR-MS technology, namely: (i)
high sensitivity, (ii) compact, (iii) operated under relative high pressure (∼10−5 hPa,
relative small pumps required). The downside of the system is its poor resolution, where
isobaric compounds are not separated (e.g. acetone and propanal), and (potentially)
poor duty cycle, consequence of ﬁltering only one m/z while discarding the rest. The
actual duty cycle depends on the amount of masses scanned.
In the following, three mass analysers that have replaced/complemented the quadru-
pole ﬁlter within the PTR-MS application are presented: the ion trap, the time-of-ﬂight
and gas chromatograph.
Ion Trap Systems
The ion trap is closely related to a quadrupole ﬁlter, however end caps will ”trap” the
ions within the volume of the quadrupole. Buﬀer gas, usually helium, is used to help
trapping the ions and increase mass resolution (between 0.01 and unity). Once enough
ions are trapped, they are ejected in a controlled manner by ramping the RF amplitude,
and transferred to a detector, obtaining a mass spectrum. Because the ramp time can
be very short relative to the accumulation time, a high duty cycle, in excess of 90%, is
achievable.
Besides high duty cycle, the possibility to carry out tandem mass spectrometry
(MS/MS) studies represents a large advantage. By application of tailored waveforms
to the electrodes, all ions can be ejected from the trap except those of one particular
mass. It is then possible to perform controlled fragmentation by increasing the kinetic
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energy (collision-induced dissociation, CID) of the selected ions inside the trap to assist
with additional species identiﬁcation. This procedure has the potential to distinguish
between isobaric molecules.
The ﬁrst ion trap system in PTR-MS was reported in 2003 by Prazeller and co-
workers [104]. This system consisted of a standard hollow-cathode discharge/drift tube
arrangement that was interfaced to a commercial linear ion trap via an einzel lens. They
were able to demonstrate the value of tandem MS/MS by successfully distinguishing
between methyl vinylketone and methacrolein with their new ion trap system. However,
the detection sensitivity was very poor, e.g. the limit of detection for benzene was 100
pbbV.
In 2005, Warneke and co-workers [105] presented a new PTR-MS with an ion trap
detection system. With a strong sensitivity increase, this system had a detection sen-
sitivity of benzene of 90 pptv for one-minute data accumulation. With same accumula-
tion time, acetone could be measured up to 240 pptv. Despite relatively low sensitivity,
its potential was demonstrated by using the diﬀerent CID patterns of acetone and
propanal to show unambiguously that the m/z=59 signal in air sampling experiments
was predominantly due to acetone.
Mielke et al. have presented in 2008 [106] a modiﬁcation of the quadrupole where it
has been successfully adapted to a linear ion trap (Fig. 3.11). The instrument has a limit
of detection of ∼100 pptv for Methyl vinyl ketone (MVK) and Methacrolein (MACR),
enabling the distinction between these isobaric compounds in ambient measurements.
The sensitivity is, nevertheless, orders of magnitude lower as state-of-art quadrupole
PTR-MS systems.
Despite its clear advantages, use of ion traps as PTR-MS detection systems shows
two disadvantages for trace gas measurements: (i) low sensitivity, and (ii) requirement
of helium as buﬀer gas, which reduces the system portability due to addition of a
pressurized bottle.
Time-of-Flight Systems
Another alternative to a quadrupole ﬁlter is the time-of-ﬂight (TOF) mass analyser. In
its most commonly used form, TOF mass spectrometry works by deﬂecting a batch of
ions into a ﬂight tube by an electric ﬁeld and then separating them according to their
ﬂight times to a detector. Since the heavier ions travel more slowly than lighter ones,
the time-of-ﬂight spectrum can be converted into a mass spectrum.
A major advantage of TOF-MS over the previous described techniques consists
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Figure 3.11: Schematic view of the proton transfer reaction linear ion trap mass spec-
trometer published by Mielke et al. [106]. Figure reproduced from the same reference.
of the attainable high resolution, which can be comfortably in excess of 0.001. In
particular, a resolution better than 5E−4 opens up the possibility of distinguishing
nominally isobaric compounds on the basis of accurate masses. For example, pro-
tonated methacrolein (m/z=71.0898) and 1-pentene (m/z=71.1329) can readily be
distinguished with this resolution.
There are limitations due to the poor duty cycle of the standard TOF-MS technique.
It originates from the orthogonal injection of a single pulse of ions into the ﬂight tube
from a continuous stream of incoming ions. Once these ions are in the ﬂight tube, no
further ions can be injected until the slowest ion has reached the detector. As a result,
typically 1 or 2% of the ions entering the source region of the TOF-MS are deﬂected
into the ﬂight tube, which means that 98-99% of the potential ion signal available is,
in eﬀect, thrown away.
In 2004, Blake et al. [107] presented the ﬁrst PTR-TOF-MS (Fig. 3.12). This instru-
ment has been tested against gas standards and against other analytical techniques, and
the limit of detection was estimated to be 10 ppbv for one-minute data accumulation,
not high enough for trace gas measurements.
Ennis et al. published in 2005 a PTR-TOF-MS system which achieved limits of
detection close to 1 ppbV in less than one minute [108] data accumulation. Two years
later, Tanimoto and co-workers have constructed a system with detection sensitivities
of <100 pptV for individual VOC components in one-minute integration time [109].
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Figure 3.12: Schematic view of the proton transfer reaction time-of-ﬂight mass spectrom-
eter published by Blake et al. [107]. Figure reproduced from the same reference.
More recently Jordan et al. reported a PTR-TOF-MS [110] where sensitivity was
improved to ∼15 cps ppbv−1, with high resolution (<2E−4). Such sensitivity yields a
limit of detection of 600 pptv for 1 s measurement time and ∼80 pptv for 60 s integration
time. Despite such achievement, state-of-the-art PTR-MS systems show roughly 2
orders of magnitude higher sensitivity.
Field (specially airborne) deployment of a PTR-TOF-MS faces some issues. Due
to the requirement of a longer mean free path, the pressure in the reﬂectron must be
much lower (10−7 hPa) in comparison with a quadrupole ﬁlter, requiring larger pumps.
In addition, the reﬂectron itself is larger than the quadrupole system, resulting in a
system 50% heavier than the standard PTR-MS (∼170 kg compared to 120 kg). More-
over, stable environment (specially temperature) is crucial for the high mass resolution,
condition hardly achievable in an aircraft.
Gas chromatography mass spectrometry
Gas chromatography (GC) is a method for separating complex mixtures. Separations
are achieved by a series of partitions between a moving gas phase and a stationary (a
liquid or polymer coating) held in a small diameter tube (the column) after a mixture is
injected as a narrow band (Fig. 3.13). The gaseous compounds being analysed interact
with the wall of the column causing each compound to elute at a diﬀerent time, known
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as the retention time of the compound. The diﬀerent retention times is translated then
into a compound separation.
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Figure 3.13: Schematic drawing of a gas chromatograph coupled with a mass spectrom-
eter.
The speciﬁcity of PTR-MS has been studied by coupling a gas chromatographic
column to the instrument. The column separates the isobaric VOCs in a sample prior
to the injection into the PTR-MS. Karl et al. introduced the method [111] and it was
further developed by Warneke, de Gouw et al. [35, 96], being applied in urban air
measurements. The use of GC to separate compounds before injection in the PTR-MS
has the advantage of separating isobaric compounds and allowing the study of sample
speciﬁcity. This is achieved, however, at a great cost of increasing response time up to
typically 30minutes.
3.5 Reagent ions
Alternative proton donors to H3O
+ were known in standard chemical ionization mass
spectrometry long before the advent of PTR-MS [77]. In the PTR- MS, many alterna-
tive primary ions have been used, most notably NH4
+[112], NO+[113] and O2
+[114].
Some of those reagent ions ionize as well through proton transfer (e.g. NH4
+), in
practice, shifting the minimum PA required for ionization to occur. Others, NO+ for
example, can ionize through several channels, mostly through charge transfer but as
well by hydride ion transfer, or, depending on the reactor conditions, by termolecular
association reaction [90].
Alternative reagent ions in PTR-MS have been mostly used for measuring: (i)
compounds whose PA is lower that of H2O, and (ii) compounds whose detection mass
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overlaps with impurities from the ion source. 1,3-butadiene, an industrial chemical
classiﬁed as possible carcinogen falls on the latter. Its detection mass is 55, the same
as clustered primary H3O
+·(H2O)2, which prevents low concentration measurements.
However, Knighton et al.[113], using a HCD ion source fed with N2, achieved the ﬁrst
real-time sub ppbv measurement of 1,3-butadiene. The ion source produced NO+ with
high purity, followed by charge transfer ionization reaction. For such reaction to be
energetically allowed, the ionization energy (IE) of R must be higher than the IE of
NO (see Table 3.3).
A similar problem is faced when measuring ammonia using H3O
+. The HCD ion
source produces typically large amounts of NH4
+. It is presumed that NH3 is gener-
ated in the plasma ion source from H2O and N2 (leaking from the drift tube into the
ion source). Several attempts to reduce the NH4
+ background failed and the lowest
achievable background was equivalent to an ambient NH3 mixing ratio of ∼100 ppbv.
Norman et al. [114] proposed the use of O2
+ as primary and, equivalent as with
NO+, its ionization is mainly through charge transfer. Table 3.3 shows some compounds
of interest and their mass of detection (if any) for O2
+ and NO+.
A commercially available PTR-MS with switchable ion source (H3O
+, NO+ and
O2
+) has been recently reported by Jordan et al.[84], increasing possibilities of applying
diﬀerent reagent ions in a routine basis. One disadvantage, however, is the requirement
of high-pressurized cylinder of N2 and of O2 for producing NO
+ and O2
+, respectively.
Despite the listed beneﬁts of using diﬀerent reagent ions, in practice, it still con-
sidered minimal compared to the use of H3O
+ as proton sources, which explains why
H3O
+ is overwhelmingly the reagent of choice in PTR-MS work to date.
3.6 Calibration and background noise analysis
An important aim of many applications of PTR-MS is to determine the absolute mixing
ratios of a variety of trace VOCs. In principle, according to reaction kinetics, knowledge
of reaction time t, rate coeﬃcient κ and the measured quantity of [RH+] and [H3O
+]
would suﬃce to determine [R] as such:
[R] =
[RH+]
[H3O
+] · κ · t (3.21)
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Table 3.3: Ionization energy and mass of detection (if any) of some compounds found in
the air using NO+ or O2
+ as primary ion. Ionization energy obtained from NIST Chemistry
WebBook.
Compound Formula Ioniz. energy (eV) Detection mass (amu)
NO+ or O2
+
Styrene C8H8 8.46 104
Dimethyl sulphide CH3SCH3 8.69 62
Toluene C7H8 8.83 92
Isoprene C5H8 8.86 68
1,2-butadiene C4H6 9.03 54
1,3-butadiene C4H6 9.07 54
Chlorobenzene C6H5Cl 9.07 112
Benzene C6H6 9.24 78
Nitric oxide NO 9.26 30
O2
+
Nitrous oxide NO2 9.59 44
Acetone CH3COCH3 9.70 58
Propanal C2H5COH 9.96 58
Ammonia NH3 10.07 17
1-butyne C4H6 10.18 54
Acetaldehyde CH3CHO 10.23 44
Methanol CH3OH 10.84 32
Formaldehyde CH2O 10.88 30
Formic acid HCOOH 11.33 46
Oxygen O2 12.07 32
Not detected
Acetonitrile CH3CN 12.20 -
Ozone O3 12.53 -
Methane CH4 12.61 -
Water H2O 12.62 -
Carbon dioxide CO2 13.77 -
Carbon monoxide CO 14.01 -
Nitrogen N2 15.58 -
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The bottom line is that, for accurate mixing ratio determination, calibration of the
instrument against speciﬁc gas standards is essential. After extensive system charac-
terization, de Gouw and co-workers have reached a conclusion where the maximum
PTR-MS accuracy is in the region of 25%, with the aid of suitable calibration [96].
Improvements beyond this are diﬃcult to achieve because of background signals from
various impurities in the ion source and drift tube. The precision improves as the
concentration increases but is rarely better than 10-15%.
As previously discussed (Section 3.3), the mixing ratio determination can be aﬀected
by humidity. The humidity eﬀect derives from the change in the amount of water
clustered primary ions, H3O
+(H2O)n, depending on the humidity of the analyte gas.
Many compounds will have a diﬀerent reaction rates with water clustered primary ions
when compared to reaction with H3O
+, while some will not react at all.
An example of humidity eﬀect has been published by de Gouw et al. [29]. With
increase of relative humidity, sensitivity for acetone is not strongly aﬀected, given it is
ionized from both primary ion and its clustered version. Toluene, on the other hand,
is not ionized by clustered primary ion (Fig. 3.14), therefore its sensitivity is strongly
humidity dependent. A correction factor is proposed based on the relative signal of
clustered primary ion but its application is limited.
As previously discussed, spurious counts in the PTR-MS can have several sources:
ion source impurities, ion clustering and photons originated in the ion source. Out-
gassing of material, contamination and leakage will introduce uncertainties in the com-
pound’s volume mixing ratio. Therefore, besides performing regular calibration, back-
ground check is essential for accurate measurement.
The most commonly used technique is having inlet air though a platinum wool
catalyst heated at 350 ◦C, that eﬃciently removes VOCs from the inlet ﬂow. Volume
mixing ratios are determined from the diﬀerence between the count rate of ions detected
with the catalyst oﬀ (Icc=off ) and with the catalyst on (Icc=on).
VMR =
1
IH3O+ × S
(Icc=off − Icc=on) (3.22)
where IH3O+ is the count rate of primary ions (in units of 10
6 counts s−1, it might
include clustered ions, depending on the compound analysed) and S the calibration
factor (in ncps/ppbv). From Eq. 3.22, the error in the VMR, ΔVMR, can be estimated,
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Figure 3.14: Inﬂuence of humidity on sensitivity published by de Gouw et al. [29].
Results obtained at 298K and 120Td. A:Ion signal of primary ion (H3O
+, mass 19) and
water clustered primary ion (H3O
+.(H2O), mass 37). B: Signal of acetone at 59 amu and
toluene at 93 amu. C: Normalized signal of acetone at 59 amu and toluene at 93 amu by a
proportionality factor to clustered primary ion.
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assuming that it is dominated by the statistical errors in (Icc=off ) and (Icc=on) [115].
ΔVMR =
1
IH3O+ × S
√
Icc=off
τcc=off
+
Icc=on
τcc=on
(3.23)
where τcc=off and τcc=on are the dwell times (in seconds) with the catalyst on and
oﬀ (not necessarily the same). Equation 3.23 shows that (i) increasing the primary
ion signal, (ii) increasing the calibration factor S (e.g. longer drift time), and (iii)
increasing the dwell times will all improve the precision of a measurement.
The calibration factor S and the signal with the catalyst on Icc=on are usually only
obtained through calibration cycles, since its own measurement prevents outside air to
be measured. Between calibration cycles, interpolation of S and (Icc=on) is made. The
assumptions that Icc=off and Icc=on dominates the statistical errors can be ﬂawed, since
a fast humidity change, for example, may change S strongly, increasing measurement
error.
Chapter 4 describes a newly developed calibration source. By using isotopically
labelled compounds, on-line calibration can be performed, thus increasing measurement
accuracy and duty cycle.
3.7 PTR-MS application on atmospheric chemistry
As discussed in Chapter 2, VOCs are important in the atmosphere due to their impact
on photochemical ozone formation, particulate formation, stratospheric ozone depletion
and climate. Many VOCs are also toxic and/or carcinogenic, therefore their concen-
tration monitoring in a wide range of environments is vital for establishing their eﬀect
on human health.
Measurements of VOCs in the atmosphere have largely been made using gas chro-
matographic analyses of air samples that were either collected in canisters, on adsor-
bents or in cryostats. Such technique provides highly detailed snapshots (tens of VOCs
with volume mixing ration down to 0.1 pptv) of the atmospheric VOC composition, but
are generally too slow to follow rapid changes in air mass composition.
The PTR-MS capability as a real time, highly sensitive monitoring tool for a
whole range of VOCs has been extensively applied in the past decade on a range
of atmospheric-measurement platforms including ground-based measurement stations
[13, 116–120], vehicle [121], train [122], ships [48, 101, 115, 123, 124], tethered balloon
[125], research aircraft [14, 61, 126, 127] and operational aircraft [34]. Table 3.4 provides
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a list of published VOCs measured in ambient air by the PTR-MS.
Research aircraft campaigns have been carried out in several locations such as
Surinam[128], Indian ocean[33, 129], Mediterranean sea[130, 131], Eastern paciﬁc[132],
West Africa [127], and Amazonian rainforest [61, 126]. Diﬀerent air masses have being
analized for its VOC contents, such as clean marine air, pollution plumes from large
cities, biomass burning and tropical rainforest biogenic VOCs emissions.
Operational aircraft deployment is carried out within the CARIBIC project[36].
A PTR-MS, along with many other instruments, measures regularly (four ﬂights per
month) in the upper troposphere and lowermost stratosphere (9-12 km) between Ger-
many and a number of alternating destinations, including South America, North Amer-
ica, South Asia, and East Asia, providing valuable data along with seasonal variability
[34]. In Chapter 7, CARIBIC project is further described, where acetone and carbon
monoxide correlation results in the upper troposphere are presented.
Table 3.4: Published identiﬁcations of masses detected by PTR-MS in ambient air.
Detection mass Compound Formula Reference
(amu)
17 Ammoniaa NH3 [114]
28 Hydrogen cyanide HCN [133]
31 Formaldehyde CH2O [134–136]
33 Methanol CH3OH [55, 115, 137]
42 Acetonitrile CH3CN [33, 55, 115]
45 Acetaldehyde CH3CHO [117, 138, 139]
47 Formic acid HCOOH [140]
47 Ethanol C2H5OH [14, 117]
54 Acrylonitrile CH2CHCN [133]
55 1,3-Butadiene C4H6 [113]
59 Acetone CH3COCH3 [34, 124, 127]
59 Propanal C2H5COH [14, 141]
61 Acetic acid CH3COOH [14, 139]
63 Dimethyl sulﬁde CH3SCH3 [124]
continued on next page
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continued from previous page
Detection mass Compound Formula Reference
69 Isoprene C5H8 [117, 122, 127]
69 Furan C4H4O [122]
71 Methacrolein (MACR) H2CCCH3CHO [106, 122]
71 Methyl vinyl ketone CH3COCHCH2 [106, 122, 127]
(MVK)
73 Methyl ethyl ketone CH3COCH2CH3 [138, 139]
(MEK)
75 Hydroxy acetone CH3COCH2OH [140]
77 Peroxyacetyl nitrate CH3C(O)O2NO2 [142]
(PAN)b
79 Benzene C6H6 [117, 127]
81 Monoterpenesb C10H16 [29]
81 (Z)-3-hexenalb C6H10O [140, 143]
83 (Z)-3-hexenolb C6H11OH [140, 143]
83 Methyl furan C5H6O [143]
85 Ethyl vinyl ketone C2H5COCHCH2 [143]
91 Peroxypropionyl C2H5C(O)O2NO2 [142]
nitrate (PPN)b
93 Toluene C6H5CH3 [117, 139]
103 Peroxymethacryloyl CH2C(CH3)C(O)O2NO2 [142]
nitrate (MPAN)b
105 Styrene C6H5CHCH2 [29]
107 C8-aromatics C8H10 [29]
115 Heptanal C7H14O [143]
137 Monoterpenes C10H16 [29]
151 Pinonaldehyde HOC10H15O [144]
a O2
+ as primary.
b Component fragmented.
3.8 Conclusion
The PTR-MS system is capable of performing real-time measurement of many VOCs
with high sensitivity. Being a relatively portable system (120 kg), the PTR-MS has
been deployed in many diﬀerent platforms including ground-based stations, ships, and
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aircraft, gathering valuable data. The description of the “standard” system, i.e. the
design proposed by Lindinger et al. and of alternative designs published up-to-date
provides a broad overview of the PTR-MS technology. Such overview serves as a base
for the following instrumental Chapters where the unheated calibration source, the ion
funnel enhanced drift tube and the novel PTR-IF-MS are described.
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Chapter 4
An unheated permeation device
for calibrating atmospheric VOC
measurements
Volatile organic compounds (VOCs) such as carbonyls, alcohols, organic nitrates, or-
ganic pernitrates and peroxides are extremely relevant for the chemical processing in
the atmosphere (see Chapter 2). Reliable analytical tools for their accurate measure-
ment in the atmosphere are a prerequisite for a better quantitative understanding of
the controlling processes. That is, an accurate and reliable calibration system is an
essential requirement for state-of-the-art instruments.
This Chapter describes a new permeation-based calibration system for airborne
applications. The system is integrated into the newly developed Proton-Transfer-
Reaction mass spectrometer (PTR-MS) described in Chapter 6. In combination of
a fast-stabilizing membrane with a slow changing temperature, we have devised a cali-
bration system that has the portability and robustness of regular permeation sources,
without the requirement for temperature stabilization prior its use. As such, the perme-
ation rate is solely a function of the (uncontrolled) temperature that can be accurately
measured.
4.1 Calibration devices for VOC measurements
Calibration systems for in-situ instruments rely either on static or dynamical meth-
ods [145]. Static methods are based on mixtures of calibration gases stored in closed
housings. Nowadays, the most used static method for calibration are high-pressurized
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gas cylinders with previous wall treatment [146–148]. Despite the robustness of the
technique and the large number of considered species, these systems are bulky and may
suﬀer, in particular after long storage times, from possible adsorption and chemical
reactions of the analyte on the cylinder wall [149].
In dynamical methods a continuous ﬂow of the relevant analyte is diluted into a
carrier gas stream. Dynamical methods most commonly used are, but not limited to,
mixing of gas streams, diﬀusion methods, capillary injection, syringe injection and per-
meation devices [145, 150]. Diﬀusion methods and permeation devices are extensively
used for the calibration of instruments measuring VOCs in low concentrations, i.e. in
the ppbv (ppbv = 10−9mol/mol) range [151–156].
A crucial requirement for accurate and reliable atmospheric in-situ VOC measure-
ments is the generation of known and reproducible gaseous standards at typical ambient
mixing ratios. These gaseous standards are essential for calibrating and characterizing
either sampling methods, multistep analytical procedures, or online instruments. An
overview of calibration devices is given by Barratt [149] and Naganowska-Nowak et al.
[157]. Below, the two most widely used calibration standard generation techniques for
VOC in-situ measurements are described, i.e. calibration gas cylinders and permeation
devices.
4.1.1 Calibration gas cylinders
Certiﬁed gas standards are produced by making use of calibrated syringes. The analyte
ﬁlled in the syringe is injected into a ﬂow of zero air which runs into a previously
evacuated cylinder. Once the syringe is emptied, the cylinder is ﬁlled with a diluent
(e.g. synthetic air), and the amount of syringe and the pressure will deﬁne the analyte
concentration [149, 150].
With usually several compounds of interest in the same gas cylinder, pressurized
cylinders are extensively used as in-situ calibration source in ground-based studies
[158–160] as well as during airborne VOC measurements [34, 126, 129]. Uncertainties of
concentration in the bottle ranges usually between 5% and 15% depending on compound
and preparation method [148, 161, 162]. As the VOC concentrations in the cylinder
are typically around ∼1 ppmv (ppmv = 10−6mol/mol), further uncertainty may be
generated owing to dilution to the desired concentrations, which is mostly done using
mass ﬂow controllers, pressure controllers, and/or critical oriﬁces.
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4.1.2 Permeation devices
Permeation methods have been developed in the 1960s [163] as standard for trace gas
analysis and have been used extensively since. Permeation devices usually comprise
a short polymer tube ﬁlled with the analyte of interest sealed at both ends by glass
plugs. The analyte vapour dissolutes into the polymer, diﬀuses through its wall and
mixes into the sample gas stream. The permeation rate (amount of analyte per unit
of time) is usually strongly dependent on temperature. Thus, in order to maintain
quantiﬁed and constant permeation rates, permeation devices are kept in temperature
controlled conditions before and during their use. Note that the time until a permeation
device reaches an equilibrated state, the so-called stabilization time, typically ranges
from hours to days [151].
For atmospheric in-situ measurements onboard aircraft, permeation devices have
several advantages over high-pressurized gas cylinders such as light weight, small vol-
ume, and the easiness to meet safety clearance, due to the lack of overpressure and
the use of only very small amounts of chemicals. However, power loss during transport
to the aircraft or before take oﬀ due to fuelling can push the permeation system from
equilibrium and thus prevent accurate calibration until such equilibrium is once again
reached.
As previously outlined, the permeation rate is strongly dependent on temperature,
because of which permeation devices are usually permanently temperature controlled.
A common rule of thumb states that for every degree Celsius of temperature increase,
the permeation rate increases by 10% [164]. Such relationship arises from the assump-
tion that the permeation rate (P ) shows an Arrhenius-like behaviour [153, 165, 166]:
P = P0 · exp
( −E
R · T
)
(4.1)
where P0 is a constant usually having the unit of ng s
−1, E the activation energy, R
the gas constant and T the absolute temperature.
Given the new approach of unheated permeation devices presented here, a deeper
insight in the transport of gases through polymers is required. In the following, perme-
ation through polymers is shortly discussed, allowing a later comparison with instru-
mental results.
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4.2 Gas transport through polymers
As initially described by Graham, the transport of small molecules through a polymer
membrane occurs due to random molecular motion of individual molecules [167]. The
driving force behind the transport is the concentration diﬀerence across the polymer
membrane.
At steady state, this transport can be described in terms of Fick’s ﬁrst law of
diﬀusion, according to which the ﬂux J (in direction of the concentration gradient) is
proportional to the concentration gradient ∂c/∂x and the diﬀusion coeﬃcient D (unit:
m2 s−1):
J = −D · ∂c
∂x
(4.2)
and in the integrated form:
J = D · (c2 − c1)
l
(4.3)
with l the membrane thickness, and c1, c2 the concentrations below and above the
membrane. In an ideal case, the analyte concentration c dissolved in the polymer will
be given according to Henry’s law:
c = S · p (4.4)
with S the solubility and p the pressure. Combining equation 4.3 with 4.4 gives the
well-known permeation equation [168]:
J = D · S · (p2 − p1)
l
(4.5)
where p1 and p2 are the ambient partial pressures on the two sides of the membrane. The
product D · S is intrinsic to the membrane material and is deﬁned as the permeability
coeﬃcient B:
J = B · (p2 − p1)
l
(4.6)
This approach, usually known as solution diﬀusion model [169, 170], only works
for special membrane materials, namely homogeneous non-porous polymers. However,
polymers typically used in permeation devices (see below) are porous. Here adsorption
in the polymer and hopping of molecules from pore to pore occurs as well. Indeed, on
porous polymers, molecule hopping usually largely dominates over permeation due to
solution-diﬀusion transport.
The most prominent polymer used in permeation devices is polytetraﬂuoroethylene
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(PTFE). PTFE is a porous semicrystalline material [171–173], i.e., it is formed of amor-
phous and crystalline regions. Already 50 years ago, it was shown that the sorption and
diﬀusion in semicrystalline polymers take place exclusively in the amorphous regions
[174–176]. The crystalline zones however act as impermeable barriers for diﬀusion.
To describe the transport in porous materials, the gas transport is parameterized
either as viscous (or Poiseuille) ﬂow or/and as Knudsen ﬂow [177, 178], see Figure 4.1.
What ﬂow regime is applicable to the actual material depends on the ratio between
its pore diameter d and the mean free path of the gas molecule in the pores λ, called
Knudsen number:
Kn =
λ
d
(4.7)
For Kn1 (small pores), Knudsen ﬂow dominates where the number of molecule-
wall collisions exceed the one of intermolecular collisions. For Kn1 (large pores),
permeation follows a viscous ﬂow where intermolecular collisions dominate. For Kn∼1,
the so-called transition ﬂow applies where a combination of both regimes occurs.
According to [179], λ can be approximated to:
λ =
κ · T√
2π · p · d2m
(4.8)
being κ, T , p, and dm the Boltzmann constant, absolute temperature, pressure, and
the diameter of the gas molecule, respectively.
Figure 4.1: Permeation mechanisms: (a) solution-diﬀusion based on Fick’s law (eq. 4.2),
(b) Knudsen ﬂow prevailing at small pores, (c) viscous or Poiseuille ﬂow occurring at large
pores.
In the following the basic equations describing Knudsen ﬂow and viscous ﬂow are
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outlined, based on a review by Rutherford and Do [177] and Choi et al. [178]. The
objective is to describe the prominent temperature dependence of both ﬂow regimes
and ﬁnally compare our experimental results with the theory.
4.2.1 Knudsen ﬂow
In Knudsen diﬀusion the pore sizes are small (Kn1). In this case, the analyte ﬂow
depends on the concentration diﬀerence and hence on the partial vapour pressure dif-
ference. In practice, where the permeation device is ﬂushed by an analyte-free carrier,
the diﬀusion coeﬃcient depends only on the vapour pressure pυ of the analyte within
the permeation device. The diﬀusion constant for Knudsen ﬂow is [177]:
DK =
dm
3
√
8 ·R · T
πM
(4.9)
where M is the molecular weight. The steady state ﬂow is described as [178]:
JK = DK ·  · pυ
τ ·R · T · l (4.10)
where  is the porosity, pυ the analyte vapour pressure, and τ the tortuosity factor
[180].
Most of the parameters in equations 4.9 and 4.10 are material constants, param-
eters, or physical constants. Therefore, combining those (temperature independent)
parameters to a given constant J0K , it becomes evident that Knudsen ﬂow has the
following temperature dependence:
JK = J
0
K ·
pυ(T )√
T
(4.11)
with
J0K =
dm · 
3τ · l
√
8
π ·M ·R (4.12)
4.2.2 Viscous ﬂow
If the pore sizes are large (Kn1), the number of intermolecular collisions dominate
and the ﬂow is governed by viscous ﬂow in the gaseous phase. Such transport is driven
by the total pressure gradient (diﬀerent to Knudsen ﬂow). The diﬀusion coeﬃcient is
deﬁned as [177]:
DV =
d2m · p¯
32μ
(4.13)
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where μ is the gas viscosity and p¯ the mean pressure (see below). At steady state the
ﬂux is [178]:
JV =
DV · 
τ ·R · T · lΔp (4.14)
where Δp is the pressure diﬀerence below/above the membrane or inside/outside the
permeation device. Therefore Δp can be written as Δp = pv−pair and p¯ = (pv+pair)/2,
with pair as the total pressure in the carrier gas.
The gas viscosity μ shows the following temperature dependence:
μ = μ0(T0) · T0 + CS
T + CS
·
(
T
T0
)3/2
(4.15)
with μ0(T0) the gas viscosity at the reference temperature T0 = 298K and CS the
Sutherland’s constant. Considering that CS of acetone is 542K[181], around room
temperature μ roughly scales with T 3/2. Therefore, the viscous ﬂow can be rewritten
as:
JV = J
0
V ·
(pv(T ) + pair) · (pv(T )− pair)
(T/T0)5/2
(4.16)
with
J0V =
d2m · 
16μ0(T0) · τ ·R · l (4.17)
4.2.3 The stabilization time
As outlined in the introduction, one drawback of permeation sources used during ﬁeld
measurements is the long stabilization time, i.e. the time lag between the stabilization
of temperature and permeation rate. According to [177], this stabilization time for
Knudsen and viscous regime, θK and θV , are:
θK =
l2
6DK
(4.18)
and
θV =
l2
3DV
(4.19)
Being the reduction of the stabilization time one of the goals of this new calibration
source, equations 4.18 and 4.19 were taken in account during the system development.
More is discussed in the next Section.
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4.2.4 The permeation mechanism through PTFE
As previously discussed, PTFE is widely used as permeating membrane in calibration
sources. In PTFE, pore sizes between 0.3 and 0.7μm have been measured [171], al-
though a broad distribution of pore sizes is expected. The mean free path at room
temperature and 500 hPa is ∼ 0.05μm for acetone (calculated using Eq. 4.8), therefore,
Kn ≈ 6− 14. With such value of Kn, the permeation is expected to be dominated by
the viscous regime, nevertheless, due to large distribution of pore sizes, transition ﬂow
may play an important role.
Unfortunately, to our knowledge no consensus has been found on how to combine
Knudsen transport and viscous transport in the transition regime [178, 182]. Moreover,
hysteresis eﬀects can occur in systems where adsorbed molecules are strongly bound
in the polymer, a process that is not expected in PTFE [183]. In the next Section,
experimental results are compared with ﬂow regimes described previously.
4.3 The unheated permeation device
As outlined in the introduction, permeation sources are usually controlled to a deﬁned
temperature to which the permeation rate is well deﬁned. However, the usually long
stabilization time associated with permeation through polymers prevents the use of
the calibration source for many hours after the temperature is controlled. In aircraft
applications, lack of power prior to take-oﬀ (e.g. during aircraft fuelling) can lead to
temperature change, and thus the lost of valuable data during ﬂight.
Here, we detail an unheated permeation device, i.e. its temperature and thus perme-
ation rate ﬂoats in dependence of the temperature gradient between outside and inside
the device. The possible pressure dependence of the permeation rate (see Eq. 4.16) can
be discarded considering that downstream of the membrane (i.e. the carrier gas) is
always kept at a constant pressure.
The only way to accurately derive the permeation rate is to guarantee that the
inﬂuence of the temperature change (and thus stabilization time) is minimal. This
can be achieved by strongly reducing the temperature drift of the system dT/dt. Such
condition is achieved due to the following two technical features of the presented per-
meation system: (i) by using a thin membrane (having a surface of only some mm2)
instead of the usually applied much larger permeation tubes with signiﬁcantly larger
wall thickness. Such a membrane strongly reduces the stabilization time θ (Eqs. 4.18
and 4.19). (ii) Strongly reducing the temperature drift of the system by a combination
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of an extremely eﬃcient insulation and a large heat capacity of the system. The design
of the system, taking in account points (i) and (ii), is presented in the following.
4.3.1 Description of the new calibration source
The calibration source consists of a stainless-steel (SS) cube ﬁlled with ∼0.7 l water
which has (after ammonia) the largest speciﬁc heat capacity cv of 4.2 kJ/(kg K) of
any substance. Five recipients (ﬁlled with up to ﬁve diﬀerent analytes and sealed with
PTFE membranes) are immersed into the water bath and thus have exactly the same
temperature as the SS cube and the water bath. Fig. 4.2 is a schematic drawing of the
presented calibration source.
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Figure 4.2: Schematic view of the calibration system. Five 0.35ml cylindrical recipients
(here, only one is shown) ﬁlled with diﬀerent liquid analytes are surrounded by a water
bath. The 0.4mm thick PTFE membrane works as permeating polymer and provides
sealing for the liquid analyte. The “active” area, through which permeation occurs, is
6mm2. A ﬂuorinated ethylene propylene (FEP) coated aluminium cap sealed with viton
O-rings encloses the ﬁve permeation membranes. Sample gas enters and leaves the system
via perﬂuoroalkoxy (PFA) ﬁttings located in the cap.
The entire system is enclosed with six 4 cm thick vacuum insulation bricks (va-Q-tec,
Germany) that have an extremely low thermal conductivity of less than 0.005W/(mK),
corresponding to an insulation of 30 - 40 cm with typical insulation foam.
The presented calibration source is ﬁlled with isotopically labelled acetone, namely
D-6 acetone (Aldrich Chemical Co., USA) having a mass of 64 amu, in contrast to nat-
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ural (atmospheric) acetone with mass 58 amu. This isotope labelling of the calibration
gas is an often applied technique in mass spectrometry. In this case the calibration gas
can permanently be added to the sample ﬂow. Besides negligible isotope fractionation
eﬀects, it behaves chemically identical as the gas in the sample gas, but is detected
at another mass [184, 185]. Moreover, it allows higher measurement accuracy due to
the (almost) continuous calibration (in contrast to performing calibration cycles). This
advantage is of particular importance during aircraft observations where the air mass
composition and thus parameters aﬀecting the instrument sensitivity (e.g. humidity)
may change quickly.
When the instrument is turned oﬀ, a venting system was developed to avoid contam-
ination of the FEP-coated aluminium cap (Fig. 4.2) and the inlet and outlet line of the
calibration device. The venting system consists of a micro diaphragm pump (Gardner
Denver Thomas, USA) that only consumes ∼35mW at a ﬂow of 150 sccm (standard
cubic centimetre per minute). It is powered by two extremely high-power goldcap
capacitors each storing a capacity of 1500Farad at 2.5V (BOOSTCAP, Maxwell Tech-
nologies, USA). An extremely small electronic circuit switches the micro pump on and
oﬀ for 20 s each. The energy stored by the goldcaps of 2.6Wh is suﬃcient to power the
pump for about ten days and thus easily bridges possible transportation time to and
from the airport or times in the laboratory when the system is switched oﬀ.
The entire calibration system, along with the venting system, weights less than 3 kg.
4.3.2 Assessing the temperature drift
A key parameter of the unheated permeation device is the temperature drift dT/dt,
which inﬂuences directly the permeation rate estimation. The heat ﬂow into the system
P is due to two heat sources: (i) heat transport across the insulation Pins and (ii)
heating/cooling due to the inﬂowing sample air Pair:
Pow = Pins + Pair (4.20)
Pins is the product of the heat conductance of the vacuum insulation box given by the
manufacturer of Uins = 0.015 W/K and the temperature gradient across the insulation
ΔT . Pair is the product of the heat capacity of the inﬂowing sample air cv,air, its ﬂow
through the device jair and the temperature gradient between the inﬂowing sample air
and the inner temperature, again ΔT :
Pow = U ·ΔT + cv, air · jair ·ΔT (4.21)
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This heating power Pow results in a temperature drift of the device dT/dt which is
solely determined by the heat capacity of the device:
Pow = dQ/dT
= Cv · dT/dt
(4.22)
The heat capacity of the device Cv is the sum of the heat capacity of the water and
the stainless steel (SS):
Cv = 0.7kg · 4.2kJ/(kgK) + 0.6kg · 0.5kJ/(kgK)
= 3.24kJ/K
(4.23)
Combing Eqs. 4.21, 4.22, and 4.23, resolving it to dT/dt, and inserting all physical
constants (cv, air = 28.97 J/(mol K)) and parameters (jair = 35 sccm = 1.4mmol/min),
leads to:
dT/dt = (U + cv, air · jair) ·ΔT/Cv
= 17mK/h ·ΔT (ΔT in K)
(4.24)
Therefore, even at an extreme temperature gradient between inside and outside of ΔT
= 20K, results in a temperature drift of only ∼340mK/h.
4.4 Experimental results
The results depicted in this Section have been obtained according to the experimental
setup shown in Fig. 4.3. The system was calibrated once each 100 minutes, using natural
acetone from a gas cylinder for 10 minutes. The background signal was measured for
another 10min by guiding the sample air through the VOC-scrubber.
4.4.1 Determination of the stabilization time
Firstly, the stabilization time θ of the calibration source was measured. For this test,
the insulation around the calibration device was removed and, using a heating wire
wrapped around the device, its temperature was controlled to 43 ◦C. To guarantee sys-
tem stabilization the calibration source was kept at this temperature for some hours.
Thereafter, the temperature control was switched to 30 ◦C, leading to a “fast” temper-
ature change (-7K/h). Once the desired temperature was reached, a further 16 hours
measurement was carried out for stability test. The time diﬀerence between the system
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Figure 4.3: Sketch of the experimental setup. On the left side, sample air having a
well-deﬁned mixing ratio of acetone is generated. For that, air from a cylinder ﬁlled
with standard gas (Apel-Reimer Environmental, USA) having an acetone mixing ratio of
500 ppbv is mixed with synthetic air. Two mass ﬂow controllers (MFC) lead to a sample
gas ﬂow of 35 sccm with an acetone mixing ratio of ∼16.1 ppbv. This air ﬂow is guided
through the calibration gas source ﬁlled with isotopically labelled acetone, referred as D6-
acetone. Thereafter, the air goes either directly into the PTR-MS or before through a VOC
scrubber (Pt-catalyst controlled to 350 ◦C) for measuring the background signal.
reaching 30 ◦C and the stabilization of the permeation rate is the stabilization time, as
seen in Fig. 4.4.
After temperature stabilization (at ∼120 min), it took ∼18min for the permeation
rate to stabilize. The stabilization time can be compared with permeation due to Knud-
sen and viscous ﬂow (Eqs. 4.18 and 4.19), using the parameters depicted in Table 4.1.
Table 4.1: Calibration source parameters for stabilization
time calculation.
Parameter Value Unit
Membrane thickness l 0.4 mm
Mean temperature T 309 K
Diameter acetone molecule dm 0.63 nm
molecular weight of D6-acetone M 64.1 gmol−1
Gas viscosity μ 7.9 μPa s
Vapour pressure of acetone pv 467.7 hPa
Air pressure pair 40 hPa
The stabilization time calculated for the Knudsen ﬂow yields θK =13 s and for
viscous ﬂow θV =21.6min. The latter agrees with experimental result, indicating that
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Figure 4.4: Temperature of the permeation device (red line) and D6-acetone mixing ratio
(black line) during the entire test period of 18 hours (graph a) and during 100 minutes
around the stabilization point (graph b)
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the dominating regime is the viscous ﬂow, i.e. the pores in the used PTFE membrane
are considerably small so that the permeation through it may be described by the
viscous ﬂow approach detailed in Section 4.2.2.
4.4.2 Temperature dependence of the permeation rate
In order to characterise the calibration source in the desired temperature range, the
permeation rate was repeatedly measured at various temperatures between 22 and
42◦C, with results shown in Fig. 4.5. Such measurement results shows that the perme-
ation rate is well deﬁned simply by the temperature measurement, without hysteresis
or memory eﬀects. Moreover, the temperature dependence ﬁts extremely well an Ar-
rhenius function (Eq. 4.1), with the following equation:
P = 3.34 · 1010 · exp
(−6023.66
T
)
(4.25)
in pg/min and with T in Kelvin and a correlation coeﬃcient R2 of 0.999. Moreover,
the permeation rate measured can be directly compared adjusting to both permeation
regimes, Knudsen and viscous ﬂow (Eqs. 4.11 and 4.16), depicted in Fig. 4.6. The com-
parison of experimental ﬁndings with models agrees extremely well with the measured
stabilization time, i.e. the permeation mechanism of the calibration source is indeed
between Knudsen and viscous ﬂow, however clearly dominated by the latter.
With the values obtained here, it is possible to calculate the inﬂuence of the stabi-
lization time in the calibration of a given system. Using the measured permeation rate
(Eq. 4.25), the stabilization time at 30◦C (18min) and the temperature drift (maximum
of 340mK h−1) one can calculate the induced error due to stabilization time.
Consider the system stabilized at 30◦C, according to Eq. 4.25, with a permeation
rate of 77.61 pg/min. Following a sudden change in outside temperature to 50◦C,
the calibration source shows a temperature drift of 340mK h−1. After the stabilization
time (18min), the measured temperature has increased to 30.10K. However, the perme-
ation rate corresponds still to the previous temperature. By assuming the permeation-
temperature relationship from Eq. 4.25, one would calibrate a given system using the
permeation rate of 78.13 pg/min. Therefore, the diﬀerence between the actual and the
estimated permeation rates is the induced error due the stabilization time, calculated
as:
σ = 100× |77.61− 78.13|
78.13
= 0.7% (4.26)
Given that the maximum precision in a PTR-MS system is estimated ∼10-15%
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Figure 4.5: Experimental results from calibration source. Dots: Average permeation
rate from six measurements. The error bars indicate the variability of the typically six
measurement sequences at a certain temperature. At the lowest temperature (22◦C) only
one measurement was performed, limited by laboratory temperature. Line: Exponential
ﬁt. See text for details.
Figure 4.6: Comparison of experimental result of permeation regimes. Dots: Experi-
mental results. Dashed lines: ﬁt from Eqs. 4.11 and 4.16. Full line: Linear combination of
Eqs. 4.11 and 4.16 to ﬁt experimental data.
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(see Section 3.6), the σ value is considered negligible and therefore the stabilization
time does not inﬂuence the measurement accuracy.
4.5 Conclusion
This Chapter is adapted from a manuscript submitted to publication in a peer-reviewed
journal. The unheated permeation device exploits permeation of gases through poly-
mers in a new manner. By making use of a thin (and small) membrane, we developed
a small and lightweight calibrating system for ﬁeld (especially airborne) campaigns.
Besides being installed at the new PTR-MS described in this work (Chapter 6), a sec-
ond version is installed since mid 2010 in the PTR-MS deployed once a month for four
consecutive ﬂights within the passenger aircraft project CARIBIC (Chapter 7).
The permeation rate (and ultimately analyte concentration) of the calibration source
is well within aimed values (0.5 - 2.5 ppbv), achieved adjusting the permeating surface
with desired carrier gas ﬂow. A long term stability test (months long) is considered
unnecessary for two reasons: (i) The described system makes use of a PTFE mem-
brane as permeating material, which is used in many standard permeating sources. (ii)
The system is intended for ﬁeld and airborne campaigns, where portability and short
term robustness play an important role. Cross-calibration between campaigns is highly
recommendable to account for permeability change over time, such as ageing eﬀects.
As shown in the arguments leading to Eq. 4.26, the system temperature drift (hence,
its heat capacity) must compensate a given stabilization time. Therefore, an even
lighter calibration system could be constructed with a faster stabilization time. This
could be achieved considering the following points: (i) Making use of a thinner (and
smaller) PTFE membrane, or (ii) pushing the ﬂow regime towards the Knudsen ﬂow.
As the former may present mechanical issues, such as withstand the pressure diﬀerence,
the latter might be achievable with specially manufactured PTFE membranes [186].
The following Chapter presents the ion funnel enhance drift tube, an important
new feature of the PTR-IF-MS as well, designed to increase the sensitivity of PTR-MS
systems.
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Chapter 5
The ion funnel enhanced drift
tube
State-of-the-art Proton-Transfer-Reaction mass spectrometers (PTR-MS) have a high-
sensitivity which ensures high-precision measurements in most of its applications. Ex-
ceptions include compounds with low proton aﬃnity and fast (e.g. airborne) measure-
ments at very low mixing ratios. Moreover, PTR-MS systems integrated with alter-
native detectors (ion trap or time-of-ﬂight) still yield sensitivity orders of magnitude
lower, still quite limiting its application. A review on PTR-MS technology is given in
Chapter 3.
The drift tube (also called the reaction chamber) is a key region concerning PTR-MS
sensitivity. Given the large number of collisions with neutral molecules, ions traversing
the drift tube will tend to drift away from the centre line following a brownian motion
and may be lost to the wall. According to our knowledge, a systematic study of the
drift tube geometry on the ion transmission, as performed on ion mobility systems (e.g.
by Soppart and Baumbach [187] and by Gillig et al. [188]), was never carried out in
PTR-MS systems. Consequently, the increase of the ion transmission could lead to a
notable system sensitivity increase.
Using ion trajectory simulations, we quantify the ion loss in the standard drift tube
and several variations (Section 5.1). The result of such study motivates the use of Ion
Funnel technology (Section 5.2), for the ﬁrst time implemented in a PTR-MS system
(Section 5.3).
69
5. THE ION FUNNEL ENHANCED DRIFT TUBE
5.1 Ion transport in the drift tube
The PTR-MS drift tube (reviewed in Section 3.3) is where primary ions (usually H3O
+)
ionize compounds of interest through proton transfer reactions. The drift tube has
nowadays essentially the same design as originally proposed by Lindinger et al. [72].
Gillig et al. [188], working on ion mobility mass spectrometers, published in 2004
important results where geometrical considerations in the drift tube suﬃced to increase
manyfold the ion transmission, reaching nearly 100%. The eﬀect of the PTR-MS
drift tube geometry on the transmission has been seldom investigated, relying solely
on experimental results [35]. This Section details an eﬀort to better understand the
ion transport in the drift tube, especially the inﬂuence of the geometry in the ion
transmission.
5.1.1 Ion trajectory simulation
In a nutshell, SIMION (Scientiﬁc Instrument Services, Inc., USA) solves Laplace equa-
tions for a given set of electrodes and determines the resulting ion path. Such method
reaches results bearing perfection in high-vacuum without ﬁeld distortions. Once molec-
ular collisions are considered (mean free path smaller than the tracked length) the
accuracy relies strongly on appropriate considerations of the interaction of ions with
neutrals.
In many ion trajectory simulations, a viscous model is applied resulting generally in
satisfactory results [189–191]. In such model, collisions with buﬀer gas are considered
as a ﬂuid where an equivalent drag force due to the buﬀer gas “viscosity” is applied.
Such approximation is valid only if the ions are much heavier than the buﬀer gas and
their kinetic energy does not largely exceeds thermal energy. However, in the drift
tube of a PTR-MS, both assumptions are false, i.e. the mass of the ion is comparable
with the mass of the buﬀer gas and the kinetic energy of the ions is much higher than
the thermal energy (roughly an order of magnitude). As such, the scattering angle
resulting from every collision has to be taken into account by means of a Monte Carlo
simulation [192]. For the work presented here, a hard-sphere Monte Carlo model has
been used.
Along the drift tube, the air velocity is three orders of magnitude lower than the
ion velocity (∼1m/s compared to 1 000m/s). Consequently, the buﬀer gas can be ap-
proximated as being stationary. However, close to the exit oriﬁce gas velocity increases
up to 100m/s. To quantify the gas dynamics based on the solution of time-dependent
Navier-Stokes equations [193, 194] and to implement in the ion trajectory simulation
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is extremely time consuming and beyond the scope of this work.
5.1.2 Optimization of the drift tube geometry
Using the simulation tool described above, ion trajectories within diﬀerent drift tubes
have been simulated. A drift tube based on periodic focusing proposed by Gillig et
al. [188], which strongly increased ion transmission in ion mobility system, has been
simulated as well. The standard drift tube and ﬁve variations are depicted in Fig. 5.1
and 5.2, shown with only 20 ions for a better visualization.
The simulations were performed at the same E/N parameter, namely 115Td (1Td
= 10−17Vcm2, see Section 3.3.1), at a pressure of 2.3 hPa. Ions were considered to
be transmitted if their position at the last plate was within the diameter of the exit
oriﬁce (1.2mm). Results of the ion transmission and the time-of-ﬂight are presented in
Table 5.1.
Table 5.1: Results from drift tube simulations for 600 ions of m/z =
19, at 115Td with a pressure of 2.3 hPa. Diﬀerent drift tubes are shown
in Fig. 5.1 and 5.2.
Drift tube Transmission Time-of-ﬂight Sensitivitya
(%) (μs) (%)
Standard 7.0 103 -
Periodic focusing 4.1 183 +4
Uniform ﬁeld 5.6 100 -22
Focusing piece 12.8 103 +82
Decreasing i.d. 7.2 103 +2
10 cm long 6.3 126 +10
a The sensitivity is relative to the standard drift tube. For the
value depicted here, the sensitivity is approximated as directly
proportional to the ion transmission and the reaction time (i.e.
time-of-ﬂight).
The ion mobility retrieved from ion simulations (resulting on a given time-of-ﬂight)
agrees extremely well with experimental results (Section 3.3.1). No strong increase in
ion transmission has been observed for alternative geometries, except for the model
implemented with a focusing piece.
Diﬀerently as reported in the work of Gillig et al., a periodic focusing PTR-MS drift
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Figure 5.1: Diﬀerent drift tube conﬁguration simulations. Left: Standard drift tube.
Centre: Periodic focusing drift tube based on the work of Gillig et al. [188]. Right:
Uniform ﬁeld drift tube.
Figure 5.2: Diﬀerent drift tube conﬁguration simulations. Left: Standard drift tube
implemented with a focusing piece, indicated in the ﬁgure. Centre: Decreasing diameter
drift tube. Right: 10 cm long drift tube. The scale is the same as shown in Fig. 5.1.
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tube does not show an increase in ion transmission (only 4.1% instead of 7%). This
strongly diﬀerent outcome is assumed to be due to the larger scattering of the ions
in the PTR-MS drift tube in comparison to an ion mobility instrument1. Due to an
increase in time-of-ﬂight, it shows nevertheless comparable sensitivity as the standard
drift tube.
The drift tube with decreasing inner diameter represents a larger group with many
similar variations, including a drift tube with increasing inner diameter, alternating
electrode diameters (10 / 13mm), and increasing and decreasing spacing between elec-
trodes along the drift tube. For all diﬀerent geometries results very close to the standard
drift tube were obtained.
A longer drift tube (10 cm) was tested as well resulting in 10% sensitivity increase.
Such sensitivity is the result of a decrease of ion transmission compensated by a higher
increase in drift time. Such result agrees with publications of long PTR-MS drift tubes,
with an overall result of higher sensitivity. As discussed in Section 3.3.3, despite leading
to higher sensitivity measurements, longer drift tubes show disadvantages such as longer
exchange times and (relatively) high voltage.
The focusing piece depicted in Fig. 5.2 has been manufactured and experimentally
tested, however, without noticeable sensitivity improvement. Such result is related to
uncertainties in simulations by assuming a stationary gas, as previously discussed. This
assumption is specially problematic close to the exit oriﬁce, where the focusing piece is
located.
The study presented here yields two important results: (i) The ion transmission is
around 10% using the standard drift tube, and (ii) diﬀerently as reported for ion mobil-
ity instruments, variation in geometry do not show remarkable improvement in the ion
transmission. Therefore, a more robust technique is required, i.e. the electrodynamic
ion funnel.
5.2 Implementation of ion funnel in PTR-MS technology
Under high vacuum, ions can be manipulated with extreme precision and in a well un-
derstood fashion using magnetic and electric ﬁelds. As the pressure increases, collisions
with gas molecules increasingly dominate the behaviour of ion motion. Particularly in
the presence of strong gas dynamic eﬀects, conventional ion optics become ineﬀective.
Most of the mass spectrometry techniques have their ionization regions operated at
1Ion mobility instruments usually have a much lighter buﬀer gas (e.g. He) in comparison to the
travelling ions.
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elevated (even atmospheric) pressures. Conversely, ion detectors are usually operated
under high vacuum (pressures of ∼10−5 hPa and lower). Therefore, eﬃcient transport
between distinct pressure regions (usually via small radii oriﬁces) is fundamental for a
high-sensitivity system.
At pressures up to ∼10−2 hPa, eﬃcient ion transport to high vacuum regions is
achieved with ion guides (multipoles with radio frequency voltage only, see Section 3.4.1).
However, at pressures of ∼1 hPa and above (as in the PTR-MS drift tube), RF-only
multipoles exhibit either an acceptance area that is too small to eﬃciently capture the
ions from an expanding gas jet or an eﬀective potential that is too weak to focus the
ions into a narrow conductance-limiting aperture [195].
An eﬃcient ion focusing technology for pressures above ∼1 hPa was ﬁrst published
in 1997 by Shaﬀer et al. [196], i.e. the electrodynamic ion funnel. Ion funnel technology
has been applied up-to-date mostly on ion mobility mass spectrometer systems applied
to biological research (proteins and other large molecules with molecular weight, MW,
higher than 500) [195, 197, 198]. However, successful implementation of the ion funnel
into the PTR-MS system (with light, energetic ions) relies on overcoming a strong low
mass cut-oﬀ. The focusing of light ions proposed in this work is, to our knowledge, the
ﬁrst ion funnel application in this mass range.
In the following, the ion funnel is described. Results from theoretical description
are later applied to the construction of an ion funnel enhanced drift tube.
5.2.1 The electrodynamic ion funnel
The ion funnel is based on the stacked ring radio-frequency (RF) ion guide [199], which
consists of a series of cylindrical ring electrodes of ﬁxed inner diameter. Radio fre-
quency potentials of opposite polarity are applied to adjacent electrodes. The arrange-
ment creates an eﬀective potential (also called pseudo-potential) that radially conﬁnes
ions inside the ion guide. The eﬀective potential, V ∗, is proportional to the squared
amplitude of the local RF electric ﬁeld ERF:
V ∗(r, z) =
zi · e | ERF(r, z) |2
16 ·m · π2 · f2 (5.1)
Here zi is the ion charge state, e the elementary charge, m the ion mass, and f is
the frequency. The radial and axial positions are represented by r and z, respectively
(Fig. 5.3). The stacked ring geometry generates the electric-ﬁeld conﬁguration that
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corresponds to the following eﬀective potential spatial distribution:
V ∗(r, z) = Vtrap
[
I21
(r
δ
)
cos2
(z
δ
)
+ I20
(r
δ
)
sin2
(z
δ
)]
(5.2)
where δ = d/π, d is the spacing between the ring electrodes; I0 , I1 are zero and ﬁrst
order modiﬁed Bessel functions, respectively. Vtrap, the axial eﬀective potential well
depth, is deﬁned as:
Vtrap =
Vmax
I20 (ρ/δ)
(5.3)
where Vmax is the maximum value of the eﬀective potential at r = ρ, z = d(i + 1/2),
i = 0, 1, ..., deﬁned as:
Vmax =
zi · e · V 2pp
4 ·m · π2 · f2 · δ2 (5.4)
Vpp is the peak-to-peak amplitude. The stacked ring RF ion guide creates an eﬀective
potential distribution that corresponds to a steep potential gradient near the electrodes
and a near ﬁeld free region over most of the internal volume.
Figure 5.3: Schematic view of a stacked rings RF ion guide. Obtained from Gerlich et al.
[199].
The ion funnel presents two main diﬀerences in comparison with stacked ring RF ion
guides: (i) progressively smaller ring inner diameter, and (ii) a DC potential gradient
applied to the ring electrodes. The former enables the spatially dispersed ion cloud
entering the ion funnel to be eﬃciently focused to a much smaller radial size, while the
latter, as in a drift tube, adds kinetic control on the ions instead of relying solely on gas
dynamic eﬀects [196, 200]. This feature takes advantage of the fact that the stacked
ring ion guide geometry is naturally “segmented” in the axial direction, in contrast
to the axial continuity of standard multipoles. Fig. 5.4 shows a schematic view of the
ion funnel. Using the simulation tool described in Section 5.1.1, the ion funnel was
modelled. The usual ion funnel is shown in Fig. 5.5.
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Figure 5.4: Schematic view of an ion funnel. In blue: Electrodes with decreasing inner
diameter by an angle α, aperture radius ρ and electrode spacing d and spacing of the last
electrode γ. In green: DC only plate with end oriﬁce.
Figure 5.5: Example of ion focusing using an ion funnel. Shown is a simulation of 30
ions of m/z=500 at 2 hPa and buﬀer gas MW=4. The 50-electrodes IF is operated with
Vpp=100V, f=1.5MHz and VDC=50V. Here, ρ=2.5mm, d=2mm, and α=12
◦.
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Tolmachev et al. derived a set of useful relationships for the ion funnel [190].
The eﬀective potential (V ∗, Eq. 5.2) dependence on radius r can be approximated for
d > r > ρ as follows:
V ∗(r) ≈ Vmax · ρ
r
exp
(
r − ρ
δ/2
)
(5.5)
and the axial well depth Vtrap is given by:
Vtrap ≈ Vmax · 2π · ρ
δ
exp
(
−2ρ
δ
)
(5.6)
Eq. 5.6 is extremely important when designing a new ion funnel. If Vtrap ≈ Vmax,
ion transmission is strongly reduced, given that ions are trapped (and lost) within the
ion funnel instead of successfully transmitted to the next vacuum chamber. Early ion
funnel designs suﬀered from this trapping eﬀect, limiting focusing eﬃciency.
As previously discussed, the focusing eﬃciency of an ion funnel is limited to a
certain mass range. High mass cut-oﬀ can be derived considering that the focusing
ﬁeld (E∗ = −∇(V ∗)) must counterbalance the DC gradient force En = EDC sin (α),
resulting in [201]:
E∗(h) =
zi · e · V 2pp
8 ·m · π2 · f2 · δ3 exp
(−2h
δ
)
(5.7)
where h is the distance relative to the funnel’s inner surface (see Fig. 5.4). Ions with
higher m/z are trapped closer to the wall, i.e., at smaller h values. Therefore, if h is
small enough, the ions will be lost. Assuming a balance of En and E
∗(0), the following
estimation for the high m/z limit is found:
(m/z)high =
0.07 · e · V 2pp
4 ·mu · π2 · f2 · δ3 · En (5.8)
where mu = 1.6605× 10−27 kg is the atomic mass unit.
Conversely, Page et al. [202] found a relationship for low mass cut-oﬀ by using an
adiabaticity parameter [203], deﬁned as:
η(h) =
zi · e · Vpp
2 ·mu · π2 · f2 · δ2 exp
(−h
δ
)
(5.9)
The eﬀective focusing occurs if the adiabaticity parameter is smaller than a certain
threshold value η(h) < β ≤ 1. Substitution of this condition into Eq. 5.7, using Eqs. 5.9,
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leads to the following low m/z cut-oﬀ relationship:
(m/z)low =
2 · e · EDC · sin (α)
mu · π2 · f2 · δ · β (5.10)
For calculations of low mass cut-oﬀ presented here β is assumed to be 1.
5.2.2 Ion funnel optimization via ion simulation
Given the large number of parameters inﬂuencing focusing eﬃciency in an ion funnel,
a program was written to automatically range all possible geometries and perform the
simulation described in Section 5.1.1. Due to the large number of combinations, the
optimization process was separated in two steps. In step I, the ion transmission of
each given geometry is obtained at a ﬁxed “kinetic” conﬁguration (i.e. E/N = 90Td,
Vpp = 70V, and f = 6MHz). The ion transmission was obtained via ion trajectory
simulation of 20 ions of m/z = 19.
In step II, 20 geometries are selected according transmission results from step I.
Thereafter, the ion transmission of each funnel is characterise for E/N , Vpp and fre-
quency via ion simulation of 60 ions of m/z = 19. Table 5.2 depicts parameters ranged
throughout ion funnel optimization.
Table 5.2: Parameters selected for ion funnel optimization.
Parameter Values Unit
Step I
Number of electrodes 15, 20, 25
Electrode thickness 0.2, 0.3, 0.4, 0.5 mm
Spacing d 0.5, 0.6, 0.7, 0.8, 0.9, 1 mm
Angle α 6, 8, 10, 12, 14 degrees
Last plate inner diameter ρ 1.6, 2, 2.4, 2.8, 3.2, 3.6 mm
Spacing of the last electrode γ 0.4, 0.6, 0.8, 1 mm
Step II
Frequency f 2, 4, 6, 8, 10, 12 MHz
Vpp 10, 30, 50, 70, 90, 110 V
E/N 70, 100 Td
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The ion funnel optimization simulated nearly 260 000 ion trajectories and took
∼750 h. Fig. 5.6 shows result of a given ion funnel during step I of the optimization
process. Example of the ion funnel characterisation is shown in Fig. 5.7.
Figure 5.6: View of ion trajectory simulation performed in step I of ion funnel optimiza-
tion. Results depicted here are with the following parameters: Number of electrodes: 20,
electrode thickness: 0.2mm, d: 0.7mm, α: 12◦, ρ: 2mm and γ: 1mm.
Figure 5.7: Ion transmission results obtained from simulation performed in step II. Re-
sults obtained using the ion funnel depicted in Fig. 5.6 and E/N = 100Td. Low mass
cut-oﬀ can be observed at lower frequencies and lower voltages.
Several ion funnel geometries showed similar results as shown in Fig. 5.7, indicating
an optimum at a frequency of 6-8MHz and Vpp > 70V. Moreover, the selection of an
ion funnel for construction must take in account experimental constraints (e.g. power
supply). Analysis of experimental constraints and description of the geometry selected
for construction is given in Section 5.3.
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As previously discussed, the focusing eﬀect achieved with an ion funnel is expected
to increase ion transmission, thus increasing the system sensitivity. However, the elec-
trodynamic drift tube has a large potential beyond ion focusing. In the following, one
key aspect developed here, the ion declustering via RF excitation, is presented.
5.2.3 Declustering via electrodynamic excitation
In the PTR-MS drift tube, ion clustering may occur forming H3O
+· (H2O)n or RH+·
(H2O)n, RH
+ being the ionized organic. Besides complicating mass spectra interpre-
tation, clustering might even decrease the ionization eﬃciency (see Section 3.6). To
minimize the amount of clustered ions in the drift tube, the kinetic energy of the ion is
kept high (0.2 eV ≈ 1000K ion eﬀective temperature) due to strong accelerating volt-
age EDC (roughly 75V cm
−1). As such, declustering is achieved via energetic collisions
with neutrals.
Within an ion funnel enhanced drift tube, the oscillating electrical ﬁeld considerably
increases the kinetic energy of the ions. Consequently, the drift tube voltage gradient
(therefore the axial velocity of the ions) can be decreased, while water clustering is
kept at low levels. Fig. 5.8 depicts the ion energy depending on RF voltage amplitude
obtained from simulation.
Figure 5.8: Ion eﬀective temperature dependence of RF voltage in a electrodynamic
drift tube. Solid black line: Theoretical calculation for DC voltage only (Eq. 3.15 in Sec-
tion 3.3.1). Other solid lines: Average ion eﬀective temperature from simulation of 600
ions m/z=19 (primary) and 600 ions m/z=59 (ionized acetone) within ion funnel depicted
in Fig. 5.6 at 8MHz. Dashed line: Ion eﬀective temperature for ion declustering.
Fig. 5.8 indicates that low clustering levels could be achieved at much lower DC
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voltage acceleration (E/N ratios). This increase in drift (or reaction) time corresponds
to a potentially strong increase in system sensitivity. Moreover, an eﬃcient focusing
would allow to decouple the length of the electrodynamic drift tube and the reaction
time, i.e. a small volume (with fast air exchange) drift tube would allow much longer
reaction times.
In the following, the ion funnel enhanced drift tube is described.
5.3 Instrumental
Eﬀective focusing achieved in the simulation described here might be not be straight-
forward to achieve in a real system. Resonance and signal reﬂection at such radio-
frequency are often problematic. Moreover, capacitance of an ion funnel might strongly
limit the voltage amplitude Vpp. In the following, a brief analysis of the application of
ion funnel in PTR-MS systems is provided.
5.3.1 Application analysis
The following points summarize important aspects of the implementation of an ion
funnel in a PTR-MS system:
• The voltage gradient that pushes the ions across the funnel, EDC, works against
the focusing ﬁeld E∗. As previously discussed, in a PTR-MS system EDC must
be considerably high to keep water clustering low. Therefore, in order to achieve
eﬃcient focusing in PTR-MS systems, the parameter E∗ (or ultimately the voltage
amplitude Vpp, see Eq. 5.7) must be considerably high.
• As previously discussed, the ion funnel application described here is intended to
focus light ions (19 < m/z < 150), diﬀerently than any previous published appli-
cation. Furthermore, the low mass cut-oﬀ (Eq. 5.10) is proportional to EDC. To
overcome such cut-oﬀ, the electrode spacing δ needs to be smaller and/or the the
voltage frequency (f), higher. Considering that a decrease in the electrode spac-
ing usually has mechanical limitations, the low mass cut-oﬀ is must be overcome
using a higher frequency f .
Up-to-date, most of ion funnel applications have shown eﬃcient focusing with a
frequency between 0.3 and 2MHz and voltage amplitude between 40 and 200V [197,
198, 204–206], usually achieved with a resonant circuit for (reasonably) low-power signal
ampliﬁcation. This solution, however, is limited to a single voltage frequency and is
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not practical for system characterisation, specially in a new range of ion masses. To
be able to test the electrodynamic drift tube in a frequency range (e.g. between 3 and
15MHz), a high power solution is required.
When applied with an RF voltage, the parallel plates of an ion funnel will have a
capacitance C (inversely proportional to δ), consequently, an impedance deﬁned as:
Z =
1
2 · j · π · f · C (5.11)
where j denotes the imaginary number. Therefore, in a simple analysis, the necessary
power to achieve a given voltage amplitude is:
Pow =
V 2pp
2Z
= V 2pp · π · f · C (5.12)
Considering Eq. 5.12 and the points discussed above, an ion funnel implemented
into a PTR-MS will clearly require higher power to achieve eﬃcient focusing than any
previous application. The experimental setup and results are presented in the following.
5.3.2 Results
Taking in account theoretical analysis (Section 5.2.1), simulation results (Section 5.2.2)
and power requirement calculation (Section 5.3.1), two electrodynamic drift tubes (E-
DT) have been selected for construction (see Table 5.3). E-DT I is based on a work
published by Julian et al. [191] which describes an eﬃcient ion funnel with a large
electrode spacing (δ). Such ion funnel is easier to be constructed and requires less
power to be driven. E-DT II is the result of the extensive ion funnel optimization
described in Section 5.2.2. Nevertheless, its use at such high frequency range leads to
a large capacitance, which translates into a possible limitation in focusing capabilities
due to power requirements.
The voltage supply for the ion funnel is composed of a sine function generator and
a 200W signal ampliﬁer, shown in Fig. 5.11. Due to the large inﬂuence of the reﬂecting
signal, a 3 dB attenuator was placed in the output of the signal ampliﬁer, limiting the
output power to 100W. As previously discussed (Section 5.2.1), the RF signal must
be separated in two 180◦ out-of-phase voltages for adjacent electrodes. Such signal
separation is performed here using a home-built transformer with a toroidal ferrite
core.
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Table 5.3: Ion funnel enhanced drift tubes chosen for experimen-
tal test. Fig. 5.9 and 5.10 depicts ion funnel I.
Parameter E-DT I E-DT II Unit
Number of electrodes 14 20
Acceptance diameter 11.9 8.0 mm
Electrode outer diameter 35.0 35.0 mm
Electrode thickness 0.2 0.2 mm
Spacing d 2.2 0.7 mm
Angle α 8.0 12.0 degrees
Last plate inner diameter ρ 3.2 2.0 mm
Length of the ion funnel 3.1 1.4 cm
Length 5.6 5.5 cm
Capacitancea 0.23 1.33 nF
Power requiredb 40 220 W
a With f=8MHz.
b Calculated using the Eq. 5.12 considering Vpp=80V.
Figure 5.9: CAD cut view of the E-DT I. In red: Ion source; dark blue: entrance of ion
funnel drift tube and air injection; in dark grey: drift tube guide plates; yellow: ion funnel
electrodes; light grey: PTFE spacers; light blue: end plate of ion funnel drift tube; green:
intermediate piece; orange: nose cone; brown: entrance of quadrupole. For details see text.
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Figure 5.10: Photograph of the E-DT I installed in the PTR-MS.
Despite the high output power of the signal ampliﬁer, the maximum value of Vpp
was 70V and 15V for E-DT I and II, respectively, yielding an optimum frequency
around 7-8MHz. Lower frequencies (below 5MHz) showed strong signal deformation.
Conversely, at higher frequencies the signal amplitude decreased sharply.
As previously discussed, the ion funnel in E-DT I was based on a publication by
Julian et al. [191] which claims to achieve high ion transmission using an ion funnel
with large electrode spacing. Designed to focus “heavy” ions, the ion funnel described
in the publication was operated at 0.65MHz. Whereas focusing eﬀect was not observed
using the E-DT I, the relatively high voltage amplitude leads to a marked declustering
eﬀect, shown in Fig. 5.12. Such eﬀect allows to decrease the ion drift velocity and,
correspondingly, leads to an increase in 30% of the system sensitivity.
Following the sensitivity increase due to the electrodynamic drift tube, a resonant-
based signal ampliﬁer is currently being constructed to the operate at 8MHz. This new
design shall strongly increase the RF voltage amplitude enabling focusing with E-DT
II and leading to further enhancement of the system sensitivity.
5.4 Conclusion
The ion trajectory simulation accounting for a more accurate ion/molecule interaction
allows for a systematic study of the inﬂuence of the drift tube geometry in the ion
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Figure 5.11: View of function generator (Agilent Technologies, USA, model 33220A) and
signal ampliﬁer (BEKO Elektronik, Germany).
Figure 5.12: Experimental results using the electrodynamic drift tube I. Dashed line:
Normalized primary cluster (H3O
+·H2O) experimentally observed. Full line: Relative
sensitivity due to increase in drift time (not simultaneously measured). The ion funnel
was operated at 8MHz and the pressure was 2.3 hPa. Test performed sampling air from
outside the laboratory.
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transmission. With a maximal transmission of roughly 10%, a more robust technique
(the electrodynamic ion funnel) is required, here applied for the ﬁrst time in a PTR-MS
system.
According to our knowledge, all previous applications of ion funnel technology are
limited to “heavy” ions (m/z > 500), in contrast to the application described here (19
< m/z < 150). Given the use of the ion funnel in a new mass range, we used a power
supply which allows multiple frequencies to be tested. Such supply is composed of a
sine function generator and high power signal ampliﬁer, instead of the usual solution
based on a resonant (low power) circuit.
Two electrodynamic drift tubes have been chosen for construction, entitled E-DT I
and II. With the broad range signal ampliﬁer used in this work best result was achieved
using E-DT I, with an increase of over 30% in sensitivity. A matched ampliﬁer is
being currently developed and will soon be ready for testing, further enhancing system
sensitivity.
The following Chapter presents the novel PTR-IF-MS, including 10-days long air
analysis using the electrodynamic drift tube described here.
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Chapter 6
The novel PTR-IF-MS
This Chapter presents a new lightweight, high sensitivity Proton-Transfer-Reaction
mass spectrometer (PTR-MS). In short, PTR-MS is a chemical ionization mass spec-
trometer capable of performing real-time measurements of many Volatile Organic Com-
pounds (VOCs) in air with mixing ratios as low as pptv (pptv = 10−12mol/mol). An
overview of the PTR-MS technology is given in Chapter 3.
The PTR-MS described here has been developed focusing airborne deployment,
speciﬁcally onboard the new German research aircraft HALO (HighAltitude and LOng
Range Research Aircraft, described in Section 6.1). The system presents two important
innovations, the unheated permeation-based calibration source (Chapter 4) and the ion
funnel enhanced drift tube (Chapter 5) .
Fully automated, the new ion funnel enhanced PTR-MS, shortened to PTR-IF-MS,
has been almost completely built in-house. Key components towards the lightweight
construction of this new system are discussed in Section 6.2.
A description of the PTR-IF-MS, measurement results and a brief discussion on the
HALO certiﬁcation process is given in Section 6.3.
6.1 The HALO research aircraft
The HALO aircraft (shown in Fig. 6.1) is based on a modiﬁed Gulfstream G550 - a
large business jet. It has a payload of 2 tons for scientiﬁc instrumentation, maximum
endurance of over 12 000 km and a ﬂight ceiling altitude of 15 km. As of 2012, up to
5 scientiﬁc campaigns per year are expected to take place. One of the ﬁrst scientiﬁc
campaigns is entitled Oxidation Mechanisms Observations (OMO), during which the
PTR-IF-MS is expected to be deployed, as well as during missions thereafter.
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Figure 6.1: The HALO research aircraft.
6.1.1 The Oxidation Mechanisms Observation scientiﬁc mission
The extra-tropical free troposphere is a sensitive region of the atmosphere in terms of
the climate response to chemical composition changes. In the northern hemisphere,
the free troposphere is substantially impacted by the long-distance transport of air
pollution, supplied by episodic pollution uplift in convection and more gradual upward
transfer in the warm conveyor belts of cyclonic disturbances [10–12].
As discussed in Chapter 2, the removal rates of biogenic and anthropogenic gases, as
well as the formation of tropospheric Ozone, are strongly controlled by oxidation reac-
tion with HOx radicals (OH + HO2). Since only very few extra-tropical free troposphere
measurements of radicals and precursor gases have been performed [207, 208], present
assessments of atmospheric composition and climate change are strongly dependent on
simulations with inadequately tested chemistry and general circulation models.
The OMO campaign aims to determine the rates at which natural and human-
made compounds are converted by oxidation processes in the upper troposphere, which
in turn aﬀect the lifetime and the global distribution of air pollutants and several
greenhouse gases, including tropospheric ozone. HOx radicals shall be measured, along
with the major sources and sinks to test model calculations.
The campaign will encompass about 6-7 measurement ﬂights of about 8-hour dura-
tion during a 2-week intensive ﬁeld phase. Roughly 15 instruments are considered for
the campaign in order to measure, besides non-methane VOCs, aerosols, H2O, CH4,
PAN, CO2, NOx, OH/HO2, among others.
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6.2 Airborne-oriented construction
Throughout system development, many new components have been constructed fo-
cusing ﬁeld (especially aircraft) deployment. In the following, a description of impor-
tant components/developments for the lightweight construction of the PTR-IF-MS are
given. One of the most notable developments towards a lightweight system is the new
calibration source, presented in Chapter 4.
6.2.1 The new gas ﬂow design
A stable pressure in the drift tube is crucial for operating the PTR-MS. In the lab-
oratory, a manual Teﬂon bodied needle valve in the inlet line suﬃces to stabilize the
pressure in the drift tube [29]. However, fast changes in the outside pressure, especially
during aircraft deployments (1 000 hPa at ground level down to ∼150 hPa in the low
stratosphere), require an automated solution. In such pressure range, pressure stability
can be easily achieved with a commercial mass ﬂow controller. However, there are no
controllers suitable for high-sensitivity VOC measurement readily available, specially
due to their sealing material, e.g. rubber.
An alternative to commercial mass ﬂow controllers, adopted by several groups,
exploits the fact that the gas ﬂow through a critical oriﬁce is (usually) only deﬁned by
its back-pressure [55, 61, 126]. Therefore, the ﬂow can be accurately controlled with a
commercial back-pressure controller. Such gas ﬂow design, as depicted in Fig. 6.2, was
applied to the strongly adapted commercial PTR-MS from our group [34], prior to the
integration of the developments described here. Despite accurate pressure regulation,
the main drawback consists of the large amount of air discarded under higher outside
pressure. Consequently, such design requires a large (and heavy) pumping system.
To minimize the amount of discarded air, a new mass ﬂow controller suitable for
VOC measurement has been developed. Combining the coil and shaft of a commercial
controller (Sensortechnics GmbH, Germany) with a custom-made body made of PEEK1
and sealing of PTFE2, the controller (Fig. 6.3 and 6.4) eﬃciently regulates the pressure
without discarding air. The use of this new mass ﬂow controller (combined with the
novel calibration source) allows to simplify the gas inlet system as depicted in Fig. 6.5.
Furthermore, such design allowed to replace the back-pressure pump by a much lighter
model3.
1Polyether ether ketone
2Polytetraﬂuoroethylene
3Vacuubrand GmbH, Germany. Model MD4 (16.4 kg) replaced by MD1 (6.5 kg).
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Figure 6.2: Sketch of the old gas ﬂow design using a critical oriﬁce and a back-pressure
controller (BPC) for ﬂow regulation. Calibration is performed by addition of calibration
gas into air stream, regulated by BPC as well. Zero air is obtained via a VOC scrubber
(Pt-catalyst at 350◦C). Zero air measurement is performed by alternating both 3-way valve,
introducing whether sample air or scrubbed air into the PTR-MS, discarding the other.
Figure 6.3: Photo of the new PEEK-bodied mass ﬂow controller adapted for VOC mea-
surement.
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Figure 6.4: CAD cut view of the mass ﬂow controller shown in Fig. 6.3. The component
is depicted without the shaft-controlling coil adapted from the commercial controller.
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Figure 6.5: Sketch of the new gas ﬂow design using a PEEK-bodied mass ﬂow controller
(MFC) shown in Fig. 6.3. Calibration is performed using the newly developed calibration
source described in Chapter 4. Zero air measurement is performed as described in Fig. 6.2.
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6.2.2 Controlling electronics
The electronics and components for power conversion/distribution are located in two
19" sub-racks, entitled electronic module I and II (EM-I and II, Fig. 6.6). In the EM I,
the V-25 computer, developed at the Max Planck Institute for Chemistry in Mainz, is
located. Due to its compact size and robustness, this embedded computer is largely used
in in-situ scientiﬁc instruments for atmospheric measurements. Normally responsible
for instrumental housekeeping, the V-25 computer implemented in the PTR-IF-MS has
been expanded to drive the mass spectrometer and record spectra, replacing the bulky,
Windows-based commercial electronics.
Figure 6.6: Front view of the PTR-IF-MS. EM-I: (a) the V-25 computer, (b) circuit
breakers and power indicating LEDs, (c) current supply for the ion source and (d) voltage
supply for the drift tube. EM-II: Dual gauge pressure sensor and its circuit breaker and
power indicator LED.
6.2.3 Lightweight vacuum tubing system
The standard PTR-MS quadrupole vacuum housing is made of two heavy stainless steel
ﬂanges. In the PTR-IF-MS, this housing has been replaced by a single custom-made
piece made of wealdable aluminium EN AW-7020, shown in Fig. 6.7. An intermediate
vacuum chamber (also visible in Fig. 6.7) has been manufactured as well using the
same material. The inner surfaces of the aluminium pieces have been carefully polished
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to minimize out-gassing eﬀects. Feed-through ﬂanges were manufactured and sent to
Pfeiﬀer Vacuum GmbH, Germany, for integration with the quadrupole system.
Figure 6.7: Photo of the custom-made intermediate vacuum chamber and quadrupole
vacuum housing made of wealdable aluminium EN AW-7020.
6.3 The system
The system presented here is the worldwide lightest high-sensitivity PTR-MS, result of
a strongly airborne-oriented development. With calibration, the PTR-IF-MS weights
only 57 kg (the standard system weights ∼120 kg and more). The instrument presented
here is (excepting the quadrupole system) completely built in-house. The peak power
consumption is 400W, designed for aircraft voltage (115V at 400Hz), however easily
switchable to 24V DC.
Detection sensitivity of the PTR-IF-MS is comparable with state-of-the-art systems.
For example, acetone (CH3COCH3) is measured with 320Hz ppbv
−1 and shows a limit
of detection of 12 pptv for 5 s integration time or ∼4 pptv for one minute integration
time (shown in Section 6.3.2). Moreover, the system has been constructed according to
the German Aerospace Centre (DLR) guidelines for aircraft scientiﬁc instrumentation.
All materials/components are aircraft certiﬁed, minimizing posterior eﬀorts for instru-
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mental certiﬁcation on aircraft deployment. The PTR-IF-MS is completely automated,
therefore no operator is required. A CAD view of the instrument is presented in Fig. 6.8
and a photograph in Fig. 6.9.
6.3.1 Overview
In the following, a brief overview of the system and its main components, indicated in
Fig. 6.10, is given:
Electronic module I. Power conversion from 115V/400Hz to 24V DC (Vicor Cor-
poration, USA) and distribution throughout the system. It houses as well a V-25
computer, discussed in Section 6.2.2 and the current supply for the ion source
and DC voltage supply for drift tube/ion funnel (Hoﬀmann Messtechnik GmbH,
Germany).
Electronic module II. Houses dual gauge control unit (Pfeiﬀer Vacuum GmbH, Ger-
many, model TPG 262). The dual gauge controller interfaces two pressure sensors:
at the drift tube and at the quadrupole region. This module will house an aircraft
suitable ion funnel RF supply, currently driven with a laboratory version.
MS-Analyser. Actual spectrometer. Combination of a HCD ion source (Section 3.2.1),
electrodynamic drift tube I (Section 5.3.2) and a quadrupole detector (Section 3.4).
The vacuum is achieved with three turbomolecular pumps (Pfeiﬀer Vacuum GmbH,
Germany, model HiPace 80). The quadrupole detector is composed of quadrupole
ﬁlter and ion counter (models QMA 400 and CP400, respectively, from Pfeiﬀer
Vacuum GmbH, Germany).
Flow control plate. Here, the gas ﬂow system discussed in Section 6.2.1 is located.
It includes the unheated permeation source described in Chapter 4.
Radio frequency generator. Provides RF signal for quadrupole operation (Pfeiﬀer
Vacuum GmbH, Germany, model QMH 400-5).
Diaphragm pump. The model MD1 (from Vacuubrand GmbH, Germany) ensures
a back-pressure of (at maximum) 10 hPa for the three turbomolecular pumps of
the analyser.
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Figure 6.8: CAD view of PTR-IF-MS installed on the HALO rack (164 x 65 x 54 cm3,
height x side x depth). The system is 91 cm high and its centre of gravity (57 kg) is
∼31 cm high. During OMO, the rack is planned to be shared with a high-precision 10 kg
O3 measuring instrument also developed in our group.
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Figure 6.9: HALO rack with the PTR-IF-MS and the O3 instrument. Picture taken
during a electro-magnetic compatibility test.
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Figure 6.10: Black: radio frequency generator; cyan: diaphragm pump; brown & green:
electronic module I & II; violet: MS-Analyser; yellow: ﬂow control plate. For details see
text.
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6.3.2 Instrumental results
Since it was ﬁrst published [71], PTR-MS technology has been extensively characterised
[29, 72, 90, 96, 115, 134, 209]. Throughout this work (specially in Chapter 3 and
AppendicesA and B) many of those results are discussed and therefore repetition of
such tests is not presented here. Furthermore, innovations included in the PTR-IF-
MS, namely the unheated calibration source and the electrodynamic drift tube, are
described in Chapter 4 and 5, respectively.
The capability of the PTR-IF-MS as a fast, high-sensitivity VOC measuring system
is demonstrated by analysing air sampled from outside the laboratory in Karlsruhe,
Germany. Three VOCs were selected to be depicted here: acetone (CH3COCH3),
isoprene (C5H8) and dimethyl sulphide (DMS – CH3SCH3).
The role of acetone in the atmosphere is shortly discussed in Section 2.3.1. It orig-
inates mainly from terrestrial vegetation and photochemical degradation of dissolved
organic matter in oceans. Despite globally quite small (1%), its anthropogenic emis-
sion can be very important locally. Mostly emitted/produced at ground level, due to
its relatively long lifetime (∼1month) it can be transported to the upper troposphere
and lower stratosphere.
Isoprene is the most abundant biogenic VOC, emitted from many temperate and
tropical forests [210]. For many plant species, a positive correlation between maximum
diurnal change in isoprene emission and photosynthesis has been measured, leading to a
well pronounced diurnal emission variation [211]. Furthermore, only recently the large
role of isoprene on secondary aerosol formation has been identiﬁed [20].
DMS is the largest natural contributor to the global sulphur budget [212]. DMS is
almost exclusively emitted from oceans by phytoplankton, however its emission from
fresh water, e.g. formation by bacterial degradation of dimethylsulphoniopropionate
(DMSP, C5H10O2S), is not negligible [213, 214]. The main removal processes of DMS
consists in oxidation by OH to various sulphur-containing compounds including sul-
phuric acid, a key component in atmospheric aerosol formation [215]. The reaction
with OH results in a lifetime on the order of one to several days. Because of the pho-
tochemical source of OH, often DMS removal occurs only during daytime, leading to a
pronounced diurnal mixing ratio variation close to the source [214].
The observations shown here were performed with the Ion Funnel I, with a RF
voltage of 70Vpp at 8MHz (see Chapter 5). Furthermore, declustering due to oscillatory
motion allowed the funnel to be operated at 70Td, maintaining ion clustering below
10% relative to the primary ion. Comparable result has been reported only by Jobson
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and McCoskey using a cryogenic trap to remove water in the inlet line (Section 3.3.3).
During the laboratory measurement described here, calibration was performed using a
high-pressure gas bottle with well-deﬁned mixing ratio of several VOCs. Result and
description of the calibration process is given in Fig. 6.11. The sensitivity for acetone
(Fig. 6.11) yields ∼320 cps/ppbv (LOD of 12 pptv), for isoprene 150 cps/ppbv (LOD
of 26 pptv) and for DMS 210 cps/ppbv (LOD of 19 pptv). LOD is obtained for 5 s
integration time and a limit of signal-to-noise ratio of 3.
Figure 6.11: Results of instrumental sensitivity for acetone (m/z=59). Calibration was
performed using a well-deﬁned gas standard (Apel-Reimer Environmental, USA) having a
mixing ratio of 500 ppbv. The calibration system is detailed in Fig. 6.2. 5 sccm (standard
cubic centimetre per minute) of calibration gas was diluted in the main line of 153 sccm,
leading to a known VMR of 16.3 ppbv. The system was calibrated every 120min. Dots:
Measurement. Black line: Averaged counts during measurement. Red line: Averaged
counts during calibration. Blue line: Averaged counts during zero-air measurement.
Fig. 6.12 depicts results from 10-days long measurements. The data yields strong
diurnal variation in isoprene due to its plant emission cycle, in combination with a
relatively short lifetime (∼1 h).
Acetone measurement depicts mixing ratios of 1–2 ppbv, except for clear interference
from nearby laboratories, given it is often used as cleaning agent. Background variation
of acetone is estimated to be from variation in direct emission/wind direction.
DMS shows decreasing mixing ratios from ∼200 pptv at the beginning and below
100 pptv at the end. The variation in mixing ratio (including a peak at roughly 6.5 days)
is possibly originated from bacterial degradation of DMSP in the Rhine river [213, 214].
Despite HALO being strongly delayed, the PTR-IF-MS has already taken part on
99
6. THE NOVEL PTR-IF-MS
Figure 6.12: Result of 10-days measurements sampling air from outside the laboratory
located at the KIT Campus north, surrounded by relatively dense woods, located 10 km
north of the city of Karlsruhe and ∼6 km east of the Rhine river. Arrows in the acetone
measurement indicates probable interference from nearby laboratories. Dashed line in
DMS measurement indicates LOD for 5 s integration time (19 pptv). LOD for acetone and
isoprene are below the scale (12 and 26 pptv, respectively). See text for details.
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an extensive certiﬁcation process, shortly described in the next Section.
6.3.3 HALO certiﬁcation process
All scientiﬁc instruments intended to be deployed onboard HALO must succeed a strict
certiﬁcation process. During the certiﬁcation process for the PTR-IF-MS, an extensive
system description has been submitted (adding up to 15 documents), including a list
all cables with information on connectors, length, material for each cable and pin
assignment of each connector. Description on system construction and ﬁnite-element
method mechanical stress calculations has been included as well.
Constructed focusing on airborne deployment, the PTR-IF-MS does not contain
pressurized gas cylinders nor toxic gases, radio-active materials or other dangerous
goods. Moreover, the system contains only negligible amounts of organic liquids, i.e.
below 0.5ml of acetone, acetonitrile, and methanol. The system description (see an
example in Fig. 6.13) is readily obtained, given the system has been almost entirely
built in-house.
 
Figure 6.13: Example of system description for the HALO certiﬁcation process.
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6.3.4 Future improvements
While the PTR-IF-MS exceeds original expectations as a lightweight high-sensitivity
system, the application of the ion funnel enhanced drift tube presented here is only
a ﬁrst step towards a new path. In the following, possible applications of the new
electrodynamic drift tube are discussed.
Weight/size reduction. The ﬁrst versions of PTR-MS systems had a drift tube exit
oriﬁce of 0.6mm. Due to amount of ion lost to the wall, this oriﬁce was increased
to 1.4mm, strongly increasing system sensitivity [90]. This came, nevertheless, at
the expense of a new vacuum stage and a third turbomolecular pump, leading to
the system as known today. The ion funnel enhanced drift tube has the potential
of a high transmission at the original (and even smaller) exit oriﬁce diameter.
Such achievement could potentially lead the system to, besides a higher sensitivity,
a further (remarkable) weight/size reduction.
Separation of isobaric compounds. PTR-MS systems implemented with an ion
trap (see Section 3.4.2) are able to separate between some isobaric species through
collisional induced dissociation (CID). This arises assuming diﬀerent compounds
show diﬀerent fragmentation patterns. Such technique has been only brieﬂy ex-
ploited using the standard PTR-MS drift tube [72]. The declustering eﬀect via
RF voltage demonstrated here is expected to strongly increase with the next
RF voltage supply (under development), which could lead to the separation of
isobaric compounds through CID.
Mass ﬁltering. The low mass cut-oﬀ, shown as an issue to be tackled on the appli-
cation described here, has an interesting potential within PTR-IF-MS. Page et
al. has published low mass ﬁltering in ion funnel systems by applying a given
voltage to the exit plate [216]. However, such ﬁltering could be achievable in dif-
ferent regions of the electrodynamic drift tube by varying the distance between
electrodes, thus having a low mass cut-oﬀ prior to the end plate. As such, low
masses could be ﬁltered previous to CID analysis, e.g. on acetone/propanal anal-
ysis, all ions with m/z <50 could be previously ﬁltered, leading to more accurate
results. When measuring compounds not calibrated on-line, primary count could
be assessed by removing the cut-oﬀ (i.e. increasing the frequency of RF voltage).
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6.4 Conclusion
The PTR-IF-MS is a high-sensitivity, lightweight instrument for airborne deployment.
The system is a result of lightweight construction achieving the unprecedented weight
of 57 kg for chemical ionization (and PTR) mass spectrometers, usually above 120 kg.
Furthermore, the system achieves limits of detection in the low pptv range, e.g. acetone
has a LOD of 12 pptv for 5 s integration time and 4 pptv for 1min.
The system is implemented with an unheated permeation device for continuous
calibration (Chapter 4). Such calibration source is specially suitable for aircraft de-
ployment. Furthermore, the system is implemented with an electrodynamic drift tube
(Chapter 5), which led to an increase in system sensitivity of 30%. Moreover, the im-
plementation of a electrodynamic technique with the PTR-MS drift tube (here for the
ﬁrst time) shows a large potential, such as further weight reduction, separation of iso-
baric compounds and mass ﬁltering. A resonant-based signal ampliﬁer currently been
manufactured shall enhance further the system sensitivity and allow to fully test the
capabilities of this new technology. The description of the PTR-IF-MS in combination
with Chapter 5 is currently being prepared for submission on a peer-reviewed journal.
Due to strong delay in the schedule of the HALO aircraft, the atmospheric anal-
ysis presented in the following Chapter has been performed with a strongly modiﬁed
commercial PTR-MS deployed regularly in CARIBIC. This system, also from the TOP
group at the IMK, has been recently implemented with developments part of the PTR-
IF-MS system, e.g. the unheated permeation source.
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Chapter 7
The correlation of acetone and
CO in the upper troposphere
In this Chapter the correlation between two atmospheric pollutants is analysed, i.e.
acetone (CH3COCH3) and carbon monoxide (CO). Both species are emitted at ground
due to similar sources, including biomass burning and anthropogenic pollution (e.g.
incomplete combustion) [45, 46, 217]. Consequently, depending on the source, both
pollutants will have a certain emission rate (or enhancement ratio, ERacet−CO), e.g.
typically 4.6 pptv (pptv = 10−12mol/mol) acetone / ppbv (ppbv = 10−9mol/mol)
carbon monoxide for biomass burning [218]. However, in the atmosphere, the ERacet−CO
is expected to change from, ﬁrstly, diﬀerent lifetimes and secondly, atmospheric in-situ
production of both species, e.g. CH3COCH3 by oxidation of C3-C5 isoalkanes [46] and
CO by oxidation of methane [219]. Therefore, the correlation of CH3COCH3 and CO
contains information on their (largely common) sources as well as on their fate in the
atmosphere or the chemical processing on their way to the sampling location (here, the
upper troposphere). For a review on the role of VOCs in the atmosphere see Chapter 2.
Although a quite powerful parameter, only a few studies on the correlation of
CH3COCH3 and CO have been published. This is primarily due to the diﬃculty of
measuring acetone with high accuracy and at small scales, which is essentially only
possible using chemical ionisation mass spectrometry, e.g. PTR-MS (Chapter 3).
The CARIBIC project (discussed next) measures regularly acetone and carbon
monoxide in the upper troposphere, resulting in an extensive and powerful dataset.
The PTR-MS regularly deployed in the CARIBIC passenger aircraft project is also
from the TOP group at the IMK and, moreover, has been implemented recently with
some of new features described in this work such as the peek-bodied proportional valve
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and the unheated permeation source.
The study presented here is ﬁrstly performed in a case study, followed by the whole
CARIBIC dataset, allowing a seasonal and latitudinal correlation variation study.
7.1 The CARIBIC project
The CARIBIC (Civil Aircraft for the Regular Investigation of the atmosphere Based
on an Instrument Container) project uses an airfreight container, which is equipped
with automated instruments for the measurement of trace gases and aerosol particles
onboard a passenger aircraft (Fig. 7.1).
The CARIBIC is a European project with 12 partners from 6 countries. It is largely
ﬁnanced by the participant institutes and is/was embedded in various nationals and
European projects (e.g. AFO 2000 from the German Federal Ministry of Education
and Research, CARIBIC I-III and GEOMON from the EU). It is a unique project
worldwide, one of the three existing projects using passenger aircraft for atmospheric
research [220–223].
In contrast to short-term research aircraft campaigns (typically 2–6weeks), CARIBIC
measures regularly since 1997, which allows to collect representative data and to in-
fer seasonal and for some species, even inter-annual variations and long-term trends.
Moreover, by using a long-endurance, large aircraft, CARIBIC covers large parts of the
globe at a cost-eﬀective manner (typically 300e per measurement hour in comparison
to, currently estimated, 12 500e for HALO).
As of May 2005, the CARIBIC container is installed once a month for four consec-
utive long-distance ﬂights, shown in Fig. 7.2. The container (Fig. 7.3) weights 1.6 ton
and currently contains 15 instruments (5 from TOP-IMK), measuring altogether ∼100
trace gases and aerosol particles. The container approach allows to deploy state-of-
the-art instruments with high measurement accuracy and to exchange/improve/add
instruments on time periods of 1–5 years.
7.1.1 Experimental
Acetone (as well as many other VOCs) are detected using a strongly modiﬁed PTR-MS
instrument purchased in 2002 from Ionicon Analytik (Innsbruck, Austria – see Chap-
ter 3). The modiﬁcations include automation for on-line measurement and a calibration
system with high-pressurized bottles. More recently, developments described in Chap-
ter 4 (calibration source) and Chapter 6 (e.g. gas ﬂow design) have been integrated in
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Figure 7.1: Lufthansa Airbus A340-600 and CARIBIC air inlet in closer view.
Figure 7.2: 210 CARIBIC ﬂights from the studied period (2005 - 2010).
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Figure 7.3: 1.6 ton container with, currently, 15 instruments for in-situ measurement.
PTR-MS location is indicated by the box on the left side. The CO instrument is on the
right side.
the CARIBIC PTR-MS, decreasing its weight to 90 kg + 20 kg rack. The system yields
a detection limit with 5 s resolution of 25 pptv for acetone
The CO analyser is based on a commercial instrument (Model AL 5002, Aero-Laser,
Garmisch-Partenkirchen, Germany). The system has a time resolution of 5 s and an
uncertainty typically of 1.9% or 1 ppbv, whichever is greater [36].
7.2 Dataset description
The correlation study presented here is limited to tropospheric air. Stratospheric air
data is identiﬁed according to a chemical tropopause deﬁnition proposed by Zahn and
Brenninkmeijer [224]. Such deﬁnition arises from 5-year measurements onboard the
CARIBIC aircraft (during phase I - prior inclusion of the PTR-MS) and states that all
air masses showing an ozone mixing ratio above the threshold value (OTP3 ) are identiﬁed
as stratospheric:
OTP3 = 97 + 26 sin
(
2π
doy − 30
365
)
(7.1)
where the OTP3 is given in ppbv and doy is day of year.
A typical ﬂight is depicted in Fig. 7.4, indicating that the tropopause is crossed
a few times. A closer view of the acetone and carbon monoxide sampled during this
ﬂight indicates a strong correlation between them, shown in Fig. 7.5. There, two distinct
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Figure 7.4: Flight 244 from August 13th, 2008 from Frankfurt to Chennai. In blue:
Measurement in tropospheric air. In red: Measurement in stratospheric air. Dashed line:
Ozone threshold for tropospheric air according to the chemical deﬁnition of the tropopause
(Eq. 7.1).
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patterns can be observed identiﬁed with a circle and a line. The former, characterised by
a weak correlation, was sampled over Europe but was originated in the gulf of Mexico,
conﬁrming the weak correlation for biogenic emissions [130]. The latter originates from
China and Russia, strongly inﬂuenced by anthropogenic emissions. The correlation
slope of 22.5 pptv acetone / ppbv carbon monoxide matches previous observations in the
free-troposphere [130]. As indicated in Fig. 7.5, care must be taken to separate among
diﬀerent air masses for a meaningful analysis. Therefore we propose the following
analysis for measurements sampling through long distances.
Figure 7.5: Acetone and carbon monoxide measured during the ﬂight 244 from Frankfurt
to Chennai, depicted in Fig. 7.4. Red circle indicates possible air sampled with strong bio-
genic inﬂuence. Line indicates measured correlation between acetone and carbon monoxide
with a slope (or enhancement ratio, ERacet−CO) of 22.5 pptv acetone / ppbv carbon monox-
ide.
Firstly, the ﬂight track is split in deﬁned length sections. For every ﬂight section, a
linear ﬁt on the correlation data is performed. Then, data from a given ﬂight section is
analysed relative to its correlation R2 (among others, more below), ensuring only con-
ﬁrmed correlations are considered. Finally, a ERacet−CO distribution analysis according
to season and sampling latitude is performed. As such, this method readily yields an
overview on upper tropospheric correlation variability.
Four criteria have been devised to include a given ERacet−CO in the distribution
analysis: (i) The ﬂight section data must have at least ﬁve points. (ii) The R2 of a
linear ﬁt must be higher than 0.15. (iii) The CO mixing ratio span of at least 10 ppbv.
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(iv) The distance between ﬁrst and last measurement position is limited to 300 km.
The latter limits the amount of data in a single correlation to roughly 20 points, at
usual ﬂight velocity of 1 000 kmh−1.
The maximal section distance for long-range measurements is a trade-oﬀ between
number of points (more reliable linear ﬁt) and the focus into single air masses. The
standard deviation of set of ERacet−CO for latitude/season was minimized for section
lengths between 75 and 2000 km, yielding 300 km as optimum.
7.2.1 Airmass characterisation
Due to possibly large diﬀerences between sampled air latitude origin and sampled
latitude, the 5-day back-trajectory of sampled air masses has been considered. The
trajectories are available for each CARIBIC ﬂight, calculated with the KNMI (Royal
Netherlands Meteorological Institute) trajectory model TRAJKS [225].
For every 3 minutes of ﬂight a 5-day backward trajectory is calculated using the
horizontal and vertical wind components from the ECMWF (European Centre for
Medium-Range Weather Forecasts) model. The wind ﬁelds are given on the hybrid
sigma-pressure ECMWF model levels at a 1×1 degree horizontal resolution. Fig. 7.6
shows an example of ﬂight track latitude and air mass 5-day backwards trajectory
latitude.
Besides backward trajectory latitude, air masses have been categorized as well ac-
cording to its potential temperature. It has been previously proposed that potential
temperature could serve as indicator for air mass original latitude [226]. Such relation-
ship is expanded based on 5-days backward trajectories. Fig. 7.7 shows correlation of
the dataset potential temperature with sampling latitude and the potential temperature
with 5-day backward trajectory latitude.
A seasonal/latitudinal correction factor has been considered for potential tempera-
ture (θ in K) [226]:
θcor = θ + α · sin
(
2π
doy − 105
365
)
(7.2)
where α is a term dependent of latitude Φ in degrees:
α =
{
5− Φ/2 if Φ < 50◦
−20 if Φ > 50◦
Using linear ﬁt results shown in Fig. 7.7, the following correlation between potential
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Figure 7.6: Sampling and air mass 5-day backwards trajectory latitude of ﬂight 244 from
Frankfurt, Germany to Chennai, India. Strong diﬀerence between sampling latitude and
5-days backwards trajectory motivates the inclusion of the latter in the analysis.
Figure 7.7: Top: Correlation between potential temperature and sampling latitude. Lin-
ear ﬁt between 15 ◦ and 55◦ north. Bottom: Correlation between potential temperature
and 5-day backwards trajectory latitude based on the ECMWF model.
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temperature and air mass latitude has been used in this work:
Table 7.1: Potential temperature and corresponding latitude obtained from 5-days back-
trajectory.
θ (K) 352 345 337 330 322
Φ (◦) 0 15 30 45 60
7.3 Results
The analysis tool presented here is intended to enhance analysis capabilities of data
within CARIBIC. Firstly, correlation results have been obtained in a case study, there-
after expanded to the whole CARIBIC dataset.
7.3.1 Case study
The ﬂight 238, from June 2008, has been chosen for the case study due to high amounts
of acetonitrile (CH3CN) and well-pronounced peaks in the CO mixing ratios. As previ-
ously discussed, the former is a well-known marker for biomass burning and the latter
for anthropogenic emissions (incomplete combustion and biomass burning). The re-
gion sampled with tropospheric air spans from Chennai, India to the border of Iran
and Turkey, shown in Fig. 7.8.
The measurement and correlation results are shown in Fig. 7.9, indicating a decrease
in the correlation slope (ERacet−CO) with increasing sampling latitude. Three events
(marked with a number in Fig. 7.9 ) were chosen to be analysed with respect to the 5-
days backwards trajectory, depicted in Fig. 7.10. The selected events are the following:
(I) A pronounced valley in acetone and COmixing ratios with back trajectories shown in
green. (II) A peak in acetone, acetonitrile and CO mixing ratios with back-trajectories
shown in red. (III) A pronounced peak in acetone mixing ratio, not followed by CO,
with back-trajectories shown in blue.
According to results presented in Fig. 7.10, event (I), shown in green, was obtained
while crossing an air mass originated from Saudi Arabia and crossing the north of
Iran and the Iranian border with Afghanistan. Despite the strong change in the mixing
ratios of the three species, the ERacet−CO parameter is roughly the same as in event (II).
The air mass crossed during event (II), shown in red, is originated close to Bangladesh
and China, crossing India prior sampling above Pakistan.
Event (III) was measured above India and most of the air mass originated from the
northern part of India and Pakistan. The strong increase in acetone is not followed by
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Figure 7.8: Flight 238 between Frankfurt, Germany and Chennai, India. Solid line
indicates measurement of tropospheric air considered for this analysis. Dashed line: Mea-
surement through stratospheric air or not considered.
Figure 7.9: Correlation results for ﬂight 238 between Frankfurt, Germany and Chennai,
India. See text for analysis.
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CO, leading to a ERacet−CO peak of 60 pptv acetone / ppbv carbon monoxide, possibly
indicates biogenic source of acetone or in-situ production.
Figure 7.10: Track of ﬂight 238 shown in Fig. 7.8 combined with 5-days backwards trajec-
tory for selected events. Green line: back-trajectory for event I. Red line: back-trajectory
for event II. Blue line: back-trajectory for event III. See text for details.
7.3.2 Full dataset
During the studied period, 99 ﬂights were performed where acetone and carbon monox-
ide have been measured. Following ﬁndings from Ko¨ppe et al. [227], seasonal study has
been limited to summer/winter, where many of the spring/fall lights could be assigned
to “end” seasons, increasing statistics. As a result, 281 000 km of summer/winter data
at the upper troposphere / lower stratosphere (static pressure between 400 and 175 hPa)
have been sampled in 69 ﬂights. Flight set is listed at Table 7.2 and corresponding ﬂight
tracks are depicted in Fig. 7.11. In the ﬂight set, the aircraft has sampled tropospheric
air for 153 000 km, 72 000 km during summer ﬂights and 81 000 km during winter ﬂights.
A distribution analysis of the ERacet−CO from data gathered in the ﬂights listed in
Table 7.2 is depicted in Fig. 7.12. It includes data from 30◦ to 60◦ north 5-days back-
trajectory latitude. Fig. 7.12 depicts the large standard deviation of the ERacet−CO
value in the upper troposphere, specially for summertime measurements. This indicates
a potentially large error if using carbon monoxide mixing ratios to retrieve the mixing
ratio of acetone, as previously performed [228].
The ERacet−CO for the entire dataset is shown in Table 7.3. The data is separated
in latitudes bins between 0◦ and 60◦, with 15◦ intervals and season. Moreover, the
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Table 7.2: Flight list with assigned season (S for summer and W for winter). Airport
codes are Frankfurt(FRA), Sao Paulo (GRU), Santiago (SCL), Guagzhou (CAN), Manila
(MNL), and Chennai (MAA).
# Track Date Season # Track Date Season
138 FRA-GRU 20-02-06 W 194 FRA-CAN 21-06-07 S
140 SCL-GRU 21-02-06 W 196 MNL-CAN 22-06-07 S
141 GRU-FRA 21-02-06 W 197 CAN-FRA 22-06-07 S
150 FRA-CAN 29-05-06 S 198 FRA-CAN 17-07-07 S
151 CAN-MNL 30-05-06 S 199 CAN-MNL 18-07-07 S
152 MNL-CAN 30-05-06 S 202 FRA-CAN 14-08-07 S
153 CAN-FRA 30-05-06 S 203 CAN-MNL 15-08-07 S
154 FRA-CAN 05-07-06 S 204 MNL-CAN 15-08-07 S
157 CAN-FRA 06-07-06 S 205 CAN-FRA 15-08-07 S
158 FRA-CAN 31-07-06 S 210 FRA-CAN 24-10-07 W
159 CAN-MNL 01-08-06 S 211 CAN-MNL 25-10-07 W
160 MNL-CAN 01-08-06 S 212 MNL-CAN 25-10-07 W
161 CAN-FRA 01-08-06 S 213 CAN-FRA 25-10-07 W
166 FRA-CAN 19-10-06 W 214 FRA-CAN 13-11-07 W
167 CAN-MNL 20-10-06 W 215 CAN-MNL 14-11-07 W
168 MNL-CAN 20-10-06 W 216 MNL-CAN 14-11-07 W
169 CAN-FRA 20-10-06 W 220 FRA-CAN 25-02-08 W
170 FRA-CAN 14-11-06 W 221 CAN-MNL 26-02-08 W
171 CAN-MNL 15-11-06 W 222 MNL-CAN 26-02-08 W
172 MNL-CAN 15-11-06 W 223 CAN-FRA 26-02-08 W
173 CAN-FRA 15-11-06 W 224 FRA-CAN 26-03-08 W
174 FRA-CAN 13-12-06 W 225 CAN-MNL 27-03-08 W
175 CAN-MNL 14-12-06 W 226 MNL-CAN 27-03-08 W
176 MNL-CAN 14-12-06 W 227 CAN-FRA 27-03-08 W
177 CAN-FRA 14-12-06 W 237 MAA-FRA 18-06-08 S
179 CAN-MNL 06-02-07 W 238 FRA-MAA 19-06-08 S
181 CAN-FRA 06-02-07 W 239 MAA-FRA 19-06-08 S
182 FRA-CAN 06-03-07 W 244 FRA-MAA 13-08-08 S
183 CAN-MNL 07-03-07 W 245 MAA-FRA 13-08-08 S
184 MNL-CAN 07-03-07 W 246 FRA-MAA 14-08-08 S
185 CAN-FRA 07-03-07 W 247 MAA-FRA 14-08-08 S
190 FRA-CAN 22-05-07 S 258 FRA-MAA 11-12-08 W
191 CAN-MNL 23-05-07 S 259 MAA-FRA 11-12-08 W
192 MNL-CAN 23-05-07 S 260 MAA-FRA 21-12-08 W
193 CAN-FRA 23-05-07 S
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Figure 7.11: 69 CARIBIC ﬂights where data used on this study was sampled. Flights
between Frankfurt (Germany) and: Sa˜o Paulo (Brazil), Santiago (Chile), Chennai (India),
Manila (Philippines) with stop in Guangzhou (China).
Figure 7.12: Distribution of ERacet−CO values for 5 days backwards trajectory latitude
from 30◦ to 60◦ north. Results indicate relatively large variability, only observable with
such long-term observation.
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data is shown based on sampling latitude, 5-days backward trajectory and potential
temperature.
Table 7.3: ERacet−CO in units of pptv acetone / ppbv carbon monoxide. Reported
values are means from several slopes from same latitude and season. Standard deviation
is indicated as error and number of slopes are indicated in parentheses.
ERacet−CO
Season Latitude (◦) Sampling Back-traj Pot. Temp.
Summer 0 12.7 ± 7.3 (4) 12.2 ± 7.2 (5) 12.8 ± 5.4 (73)
15 14.0 ± 4.0 (16) 13.0 ± 4.8 (40) 11.2 ± 5.0 (29)
30 11.6 ± 5.4 (72) 13.9 ± 6.9 (67) 18.8 ± 9.2 (8)
45 20.2 ± 8.7 (36) 17.9 ± 10.9 (14) 22.8 ± 9.2 (17)
60 – 33.9 ± – (1) 33.9 ± – (1)
Winter 0 – 7.6 ± 2.9 (17) 8.1 ± 2.5 (6)
15 6.6 ± 2.7 (17) 6.8 ± 3.8 (27) 7.5 ± 2.8 (26)
30 8.2 ± 3.3 (38) 11.3 ± 6.9 (28) 5.0 ± 2.0 (10)
45 13.7 ± 8.0 (31) 11.5 ± 7.2 (9) 12.3 ± 6.5 (10)
60 5.8 ± 1.4 (4) 16.5 ± 6.9 (7) 11.8 ± 8.1 (28)
Wintertime measurements show markedly lower correlation slopes as during sum-
mertime. Slopes grouped according the 5-days back-trajectory show an increase with
latitude from (summer/winter) 12.2/7.6 pptv acetone / ppbv CO at the equator to
33.9/16.5 at 60◦N. Using potential temperature based representative latitude yields
(with a few exceptions) similar results, indicating the potential of such parameter ap-
plied to statistically signiﬁcant datasets.
Considering ground sources and the shorter lifetime of acetone, the higher slope
observed during summertime can be assumed to be the result of stronger convection.
Such assumption would also lead to a decrease in slope with latitude. However, the
opposite is observed, indicating the shorter lifetime of acetone due to photolysis in the
tropics as in higher latitudes modulates overall behaviour of the correlation slope.
The study presented here will be expanded to comparison with models such as the
ECHAM/MESSy Atmospheric Chemistry (EMAC) [229, 230] and the COSMO model
in CLimate Mode (COSMO-CLM) [231, 232], besides inclusion of other species also
measured in CARIBIC such as acetonitrile, a marker for biomass burning and propane,
a precursor of acetone.
The correlation slopes presented here can be useful for model calculations, strongly
118
7.3 Results
increasing statistics and providing a better assessment of the standard deviation. In-
clusion of other compounds will allow better understanding on the chemistry in the
UT.
Short-term measurements of such correlation provide a snapshot of the results pre-
sented here. Comparison with up-to-date published results of short-term measurements
in the free troposphere are given in the next Section.
7.3.3 Assessment and comparison with literature.
Correlations found in literature between acetone and carbon monoxide in the upper
troposphere are shown in Table 7.4.
Table 7.4: Published ERacet−CO in the free troposphere.
Campaign Time Location Lat.a ERacet−CO Ref.
LBA-CLAIRE March 1998 Paramaribo, Surinam 0 19.5 [233]
INDOEXb,c Feb/Mar 1999 Male, Maldives 0 3.4 [234]
STREAM98b July 1998 Timmins, Canada 45 24.4 [130]
MINOS July 2001 Crete, Greece 30 21.8 [130]
SAFARI 2000d September 2000 Otavi, Namibia 15 8.1 [218]
a Approximated to latitude bins from Table 7.3.
b Upper troposphere only.
c Aged biomass burning plume.
d 2-hours old biomass burning plume measured at an altitude of 3.5 km.
The strong diﬀerence of result between the campaign of LBA-Claire (19.5 acetone
pptv / CO ppbv) [233] and INDOEX (3.4 pptv/ppbv), a value 80% smaller [234]. As
CO mixing ratios were measured roughly comparable ranges (usually between 60 ppbv
and 200 ppbv) acetone changed quite strongly. During LBA-Claire and STREAM98
values up to 4 000 pptv were observed whereas during INDOEX maximum reported
acetone mixing ratio was 800 pptv. Here, mixing ratio of acetone was not observed
above 1 800 pptv, including all latitudes and seasons.
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7.4 Conclusions
The correlation between acetone and carbon monoxide, previously studied only in case
studies, can be a strong parameter in an atmospheric chemistry analysis. The CARIBIC
project, deploying many instruments regularly in long-distance ﬂights allows case stud-
ies, as well as a broad overview of the atmosphere, including seasonal analysis.
The use of potential temperature based representative latitude leads to satisfactory
results. Nevertheless, large scattering allows its use only in a statistically signiﬁcant
dataset. Correlation depending on season and latitude. Large variability of correlations
in the tropopause, therefore use of CO and correlation factor as acetone mixing ratio
estimation on box model calculation must taken in account such large variability.
The knowledge gathered throughout the development of the PTR-IF-MS (Chap-
ter 6) has been largely applied to the PTR-MS system deployed within CARIBIC. The
resulting sensitivity increase is expect to enhance system precision (e.g. for acetonitrile
measurements) or allow an increase in temporal resolution.
The results obtained here will be compared with the climate models EMAC and
the COSMO-CLM, and furthermore, compounds also measured in CARIBIC, such as
propane, an important acetone precursor, shall be added to the analysis.
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Chapter 8
Summary and Outlook
In this thesis we present a new high-sensitivity PTR-MS system for airborne deploy-
ment, entitled PTR-IF-MS. Extremely lightweight, the system has two notable new
features, an ion funnel enhanced drift tube and a novel type of calibration system
which is especially suitable for aircraft deployment. Besides instrumental development,
we present as well a study of the correlation between acetone and carbon monoxide in
the upper troposphere. The data from the passenger aircraft based project CARIBIC,
gathered regularly in long distance ﬂights, allows the ﬁrst long-term correlation analysis
between both species. In the following, an overview of this work is given.
Chapter 2 reviews the role of VOCs in the atmosphere, its main groups, reactions
and budget. VOCs constitute powerful tracers for studying atmospheric chemistry
and for validating chemical transport models. PTR-MS technology allows fast and
accurate measurements of many VOCs in air with a high sensitivity. A complete de-
scription of PTR-MS technology, including its most noteworthy variations, is presented
in Chapter 3.
The development of scientiﬁc instruments for deployment onboard research aircrafts
is constantly accompanied by a strong weight restriction. As such, strong eﬀort has
been made throughout the development of the PTR-IF-MS to achieve an unprece-
dented portability among chemical ionization (and PTR) mass spectrometers. One
crucial development in this respect was the unheated permeation source for continuous
calibration of the PTR-IF-MS (Chapter 4).
VOC calibration is usually performed using a high-pressurized gas cylinder or a per-
meation device. While the latter is signiﬁcantly more suitable for aircraft deployment,
being much lighter and not pressurized, it is rarely used during airborne measurements.
This arises from the long stabilization time (from hours up to days). After a period
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without temperature control (i.e. power-down during transport or aircraft fuelling),
the permeation system do not provide accurate calibration until equilibrium is once
again reached. Our newly developed calibration device overcomes these drawbacks. By
making use of a very small and thin PTFE membrane, an extremely short equilibra-
tion time of 18min has been achieved. As the permeation device is combined with a
water reservoir as heat buﬀer and enclosed in an excellent insulation, we have strongly
decreased the temperature drift of the calibration system below 0.3K/h. The result of
these two achievements is a permeation device that yields a permeation rate as a func-
tion of an uncontrolled, but accurately measured, temperature. No stabilization time
is required prior to system calibration. The complete calibration system (including a
venting system) weights less than 3 kg.
State-of-the-art PTR-MS systems have a high-sensitivity which ensures accurate
measurements in most applications. Nevertheless, fast (e.g. airborne) measurements
at very low mixing ratios, in the pptv-range, may still present large uncertainties.
Chapter 5 details an eﬀort to further increase the system sensitivity. Ion trajectory
simulations indicate that the ion transmission in the drift tube is below ∼10%. Due
to the high number of collisions along the drift tube, ions tend to drift away from the
centre axis, leading to such large ion lost. To minimize such eﬀect we have developed an
ion funnel enhanced drift tube. The electrodynamic ion funnel is the only technology
capable of focusing an ion batch under strong gas dynamics. Up-to-date, ion funnel
technology has been mostly applied with ion mobility mass spectrometers, leading to a
well characterised behaviour for relatively slow, “heavy” ions (m/z > 500). Here, the
electrodynamic ion funnel is used for the ﬁrst time to focus light ions (19 < m/z <
150).
Besides ion focusing, the ion funnel is capable of strongly increasing the kinetic
energy of the ions (via RF ﬁeld), thus allowing the decrease of the drift velocity. As
such, the use of an electrodynamic technique in the drift tube allows to enhance the drift
and thus reaction time, which directly increases the system sensitivity. The potential
of this new drift tube is shown by increasing the system sensitivity by 30%. The next
generation (using resonance based signal ampliﬁer) is currently being manufactured
and shall lead to a further sensitivity enhancement.
The PTR-IF-MS system is described in Chapter 6. The system has been developed
according to the HALO aircraft certiﬁcation guidelines, including the required electrical
and gas ﬂow speciﬁcations and the demands concerning mechanical construction and
materials. With comparable sensitivity of state-of-the-art systems, the PTR-IF-MS
is the lightest high-sensitivity PTR-MS worldwide (only 57 kg, in comparison with
122
standard 120 kg). Its limit of detection (LOD) for usual VOCs is in the low pptv
range, e.g. LOD for acetone is 15 pptv for 5 s measurement time and ∼4 pptv in 1min
integration time.
Simulation and calculation results indicate that, with the new resonance based
signal ampliﬁer, the increase in oscillation energy shall double the current system sen-
sitivity. Moreover, an increase of ion transmission due to a more eﬃcient ion focusing is
expected to increase sensitivity by roughly a factor 5, strongly exceeding any published
PTR-MS system.
Chapter 7 presents a study on the correlation between acetone and carbon monoxide
in the upper troposphere. Such correlation has been previously studied in short-term
campaigns onboard research aircrafts, where results have been used for analysis of
oceanic sink/emission of acetone, biomass burning plume chemistry and box model
calculations. In contrast to such campaigns, in-situ measurement onboard CARIBIC
represents a cost-eﬀective manner to retrieve long-range and long-term UT/LS data.
Besides covering large parts of the globe, such project allows to infer seasonal and for
some species, even inter-annual variations and long-term trends. Acetone and carbon
monoxide have been simultaneously sampled in tropospheric air for over 153 000 km
during 69 ﬂights. The analysis is limited to summer/winter ﬂights.
The correlation between acetone and carbon monoxide has been analysed relative to
its slope, or enhancement ratio (ERacet−CO). Such parameter has been grouped for sam-
pling latitude, 5-days backwards trajectory latitude provided from the ECMWF model,
and a potential temperature based representative latitude. Wintertime measurements
show markedly lower correlation slopes as during summertime. Slopes grouped accord-
ing the 5-days back-trajectory show an increase with latitude from (summer/winter)
12.2/7.6 pptv acetone / ppbv CO at the equator to 33.9/16.5 at 60◦N. Using potential
temperature based representative latitude yields (with a few exceptions) similar results,
indicating the potential of such parameter applied to statistically signiﬁcant datasets.
Considering ground sources and the shorter lifetime of acetone, the higher slope
observed during summertime can be assumed to be the result of stronger convection.
However, such assumption would also lead to a decrease in slope with latitude, which
is not observed, indicating that the shorter lifetime of acetone in the tropics due to
photolysis dominates the correlation slope. The study presented here will be expanded
to comparison with models such as the EMAC and the COSMO-CLM, besides inclusion
of other species also measured in CARIBIC such as acetonitrile, a marker for biomass
burning and propane, a precursor of acetone.
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Appendix A
Ion production mechanism in the
HCD ion source
The primary ions in a PTR-MS system (H3O
+) are produced in a hollow cathode ion
source, described in Section 3.2.1. The mechanism of the ion production can be better
understood being separated in two parts, the glow discharge and the hollow cathode
eﬀect, each presented in the following [235].
A.1 Glow discharge
If the voltage diﬀerence between two planar electrodes, where the space between is
ﬁlled with a neutral gas, is high enough that electrical breakdown occurs, a plasma,
characterized as glow discharge will be formed. This plasma has at least eight diﬀerent
regions, as illustrated in Fig. A.1.
Consider an electron emitted from the cathode. Due to strong ﬁeld, it is ﬁrst
accelerated, and when enough energy is reached, strong ionization with electron mul-
tiplication takes place. The two general regions in which these eﬀects occur are known
as the Aston dark space and the Cathode layer, respectively.
Farther from the cathode, the ﬁeld becomes weaker and only fast electrons which
have not lost energy by inelastic collisions are able to ionize in the region known as
the cathode dark space. The next boundary is between the cathode dark space and
the negative glow, where exists a small potential barrier, overcome by a large number
of electrons. In this boundary, the number of electrons has increased considerably
due to ionization of neutrals, as well as, naturally, a large number of positive ions.
The positive ions, as well as metastable atoms, fast unexcited atoms, and intense UV
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Figure A.1: Diﬀerent layers inside the hollow cathode source, its light emission intensity
and potential distribution. From the left: Cathode; 1:Aston dark space; 2:Cathode layer;
3:Cathode dark space; Negative glow ; Faraday dark space; Positive Column, 4:Anode dark
space; 5:Anode glow; Anode.
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A.1 Glow discharge
radiation impinge on the cathode, causing the emission of secondary electrons. Under
steady-state conditions (i.e., a self-sustaining discharge) each electron emitted by the
cathode must produce a suﬃcient number of ionizations and excitations to eﬀect the
release of one further electron from the cathode.
At this point, electrons entering the negative glow can be separated in two diﬀerent
groups: (1) those produced at or near the cathode which are fast, and have not suﬀered
energy loss by collision; and (2) those created in the cathode dark space, which are
slow as a result of many inelastic collisions. The slow electrons normally do not have
enough energy to perform ionization, however, usually enough for excitation, producing
the characteristic negative glow as they undergo many collisions. The fast electrons
penetrate farther and dissipate their energy in many inelastic collisions, producing both
ionization and excitation.
The motion of the electrons prior to entering the negative glow is beam like. How-
ever, all beam properties are lost in the negative glow, where the motion of the electrons
becomes random. Their energy decreases with distance into the negative glow, and re-
combination with positive ions can take place. With farther increasing distance from
the cathode, the ﬁeld rises slowly, the probability of recombination decreases, and the
Faraday dark space develops. Its properties are intermediate between those of the neg-
ative zones and positive column. Electrons are pulled out of the negative glow by this
weak ﬁeld and may gain suﬃcient random energy to excite and ionize atoms.
At this point the positive column develops. The electric ﬁeld is constant (see
Fig. A.1) in the positive column so that, at any point, the concentrations of electrons
and positive ions are equal. The electrons, because of their greater mobility, carry prac-
tically all the discharge current. Ionization is not obtained from the drift velocity of the
electrons in the ﬁeld direction, but rather from the large random velocity acquired by
many elastic collisions in the electric ﬁeld. At the anode side of the positive column, the
electrons are attracted toward the positively charged anode, the positive ions repelled,
and a negative space charge is formed. This gives rise to the anode fall. An electron
emerging from the positive column enters the anode fall region with a small initial en-
ergy and is accelerated towards the anode. After crossing the anode dark space, it has
acquired suﬃcient energy to excite and ionize the gas in front of the anode (the anode
glow). It is important to note that most of the potential drop across the electrodes is
located in the cathode dark space, where the ﬁeld strength is at a maximum.
Depending on the allowed discharge current, diﬀerent patterns (or voltage-current
regions) are observed on the HCD. Fig.A.2 shows the schematic characteristic of a
self-sustaining discharge. From nA range up to fraction of mA lays the Townsend and
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Transition discharge, regions of little interest in the PTR-MS due to small ion produc-
tion. Further increasing the current, a normal glow discharge pattern is reached, where
the voltage remains constant as the current is changed by some orders of magnitude.
In the other hand the area occupied by the glow between the electrodes will increase
with current, until the eﬀective area of the cathode is fully covered. By then, a further
increase of current will force a larger cathode fall, and, thus, potential rises. This is
the region of the abnormal glow discharge.
As the current increases further, the potential reaches a maximum and begins to
decrease. The cathode at these high current densities has become so hot that secondary
electron emission from the cathode becomes increasingly supplemented by thermionic
emission. This is an ill-deﬁned transition region where both processes are operative. At
still higher currents, secondary electron emission becomes of little or no inﬂuence and
the discharge acquires the characteristics of an arc. The abnormal glow discharge region
is generally considered to end where thermal emission of electrons from the cathode
becomes signiﬁcant.
Figure A.2: Voltage-current characteristics of a self-sustaining gas discharge (voltage on
a linear and current on a logarithmic scale): Vb: breakdown voltage, Vn: normal cathode
fall, and Vd: arc voltage .
A.2 The hollow cathode eﬀect
Due to the beam like nature of the electrons emerging from the cathode dark space, the
position of the negative glow is determined by the spatial orientation of the cathode.
The hollow cathode eﬀect is best understood by considering two planar parallel cathodes
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having a common anode perpendicular to their axis. The electron beams from the two
cathodes are then in opposite directions. At large intercathode distances, the two
cathodes behave essentially independently of each other, and the two negative glows
are separated and well characterized. For a ﬁxed potential, as the intercathode distance
is reduced, the two negative glows begin to merge and ﬁnally coalesce (Fig. A.3). As
this occurs, the current density rises sharply reaching values 102 to 103 times larger
than in a normal glow discharge for the same cathode fall. Simultaneously, the light
emitted from the negative glow increases dramatically. The net result of the coalescence
of the negative glows is known as the hollow cathode eﬀect.
Figure A.3: Schematic view of hollow cathode eﬀect.
The reason that the discharge occurs chieﬂy between the plane cathodes rather
than to their exterior surfaces becomes clear with the following consideration. At the
pressures normally used (< 10 Torr), the mean free path of the electrons leaving the
inner wall of the cathode is suﬃciently large that the electrons can penetrate the positive
space charge region of the opposite cathode. The attendant reduction of this space
charge causes an increased current and a lower cathode fall. This condition permits a
much greater current density from the inner cathode walls than from the outer, and
the discharge thus occurs mainly between the plane cathodes. For a given cathode fall,
electrons entering the negative glow must release their energy there in ionizing and
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exciting collisions, since they cannot advance into the retarding ﬁeld of the opposite
cathode. The HCD has a dark space thickness much less than that for a normal glow
discharge, and the negative glow is nearly ﬁeld free and potential is comparable with
anode, as depicted in Fig. A.3. Instead of two plane cathodes, a cylindrical cathode,
closed at one end, is usually employed for hollow cathode studies, as well as in the
PTR-MS ion source.
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Appendix B
Quadrupole mass ﬁltering
This Appendix complements the quadrupole system description given in Section 3.4.1.
In the following, the mass ﬁltering capabilities of a quadrupole system is presented.
B.1 Mass ﬁltering and stability regions
Ideally, the rods of a quadrupole are hyperbolic (see Fig. B.1), however circular rods
are easier to be manufactured with the required precision, providing an adequate ap-
proximation to hyperbolas.
Figure B.1: Ideal hyperbolic shape of quadrupole rods.
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Following the hyperbolic geometry, the potential Φ(x, y) at any point inside the
quadrupole is described by:
Φ(x, y, t) =
x2 − y2
r20
Φ(t) (B.1)
where x and y are Cartesian coordinates. The parameter r0, called “ﬁeld radius”, is
the distance from the centre of the quadrupole to any rod. The potential Φ(t) is given
by
Φ(t) = U − VRFcos(Ωt) (B.2)
where U is the DC voltage, RF is the zero-to-peak amplitude of the RF voltage applied
from each quadrupole rod to ground, Ω is the angular frequency of the RF voltage and
t is time.
The ion motion is determined by Newton’s law:
f = m
dv
dt
(B.3)
where f is the force on an ion, m is the mass of the ion, and v is the ion velocity. The
force on a positive ion is
f = −z · e · ∇Φ(x, y, t) (B.4)
where z is the number of charges on the ion and e is the elementary charge. The electric
ﬁeld in the x direction is:
Ex = −∂Φ(x, y, t)
∂x
= −2x
r20
(U − VRFcos(Ωt)) (B.5)
and in the y direction:
Ey = −∂Φ(x, y, t)
∂y
= −2y
r20
(U − VRFcos(Ωt)) (B.6)
Given the independence of Ex in the y coordinate and vice-versa, each direction
can be considered alone. As such, the equation of motion for the x and y directions
can be written as:
x¨+
2 · z · e
m · r20
(U − VRFcos(Ωt))x = 0 (B.7)
y¨ − 2 · z · e
m · r20
(U − VRFcos(Ωt))y = 0 (B.8)
132
B.1 Mass ﬁltering and stability regions
where x¨ =
d2x
dt2
and y¨ =
d2y
dt2
. These equations can be rewritten in a form of Mathieu
equation [236]:
d2u
dξ2
+ (au − 2qucos(2ξ))u = 0 (B.9)
ξ =
Ωt
2
u = x or y (B.10)
where a and q are:
ax = −ay = 8z · e · U
m · r20 · Ω2
qx = −qy = 4z · e · VRF
m · r20 · Ω2
(B.11)
Solutions to Mathieu equations yield [237]:
u(ξ) = α′eμξ
∞∑
n=−∞
C2ne
2n·i·ξ + α′′e−μξ
∞∑
n=−∞
C2ne
−2n·i·ξ (B.12)
where α′ and α′′ are integration constants depending on the initial position u0 and
initial radial velocity u˙0. The constants C2n and μ depend only on the a and q values.
Therefore the ion motion is determined by the (a,q) values, regardless of the initial
conditions.
A closer look in Eq.B.12 shows two families of solutions, stable and unstable. Stable
solutions arise if μ is imaginary (μ = iβ) and β is not an integer. In this case the ions
oscillate in the x-y plane with limited amplitudes and pass through the quadrupole
ﬁeld. Integer values of β form a series of solutions, which are periodic and unstable.
As such, ion amplitudes grow exponentially in the x, y or in both directions, leading
to ion lost. Substituting μ = iβ into Eq.B.12 and simplifying it gives the equation of
motion for stable ions:
u(ξ) = A
∞∑
n=−∞
C2ncos(2n+ β)ξ +B
∞∑
n=−∞
C2nsin(2n+ β)ξ (B.13)
where A = α′ + α′′ and B = i(α′ + α′′). From Eq.B.13, β is an important parameter
that determines the oscillation frequency of the ions. The relationship of β to (a,q) is
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given by the recursive formula:
β2 = a+
q2
(2 + β)2 − a− q
2
(4 + β2)− a− q
2
(6 + β)2 − a− . . .
+
q2
(β − 2)2 − a− q
2
(β2 − 4)− a− q
2
(β − 6)2 − a− . . .
(B.14)
When q ≤0.4, β can be approximated by
β2 ≈ a+ q
2
2
(B.15)
Therefore, for a given combination of RF and DC voltages, ions in a quadrupole
ﬁeld have oscilaltory motion that is characterized by frequencies unique to their mass-
to-charge ratio. The lowest frequency is named “secular frequency”. Higher frequencies
are not simple harmonics of the lowest frequency. These frequencies can be calculated
using the following relationship [237]:
ωu = (2n+ β)
Ω
2
, n = 0,±1,±2, . . . (B.16)
As previously discussed, the stability of the ion trajectory depends on the a and q
values. Using a stability diagram, stable combination of (a,q) values are readily seen.
In the stability diagram there is an inﬁnite number of regions where ion motion is
stable in both the x and y directions. The ﬁrst overlapping region for combined x and
y stability with iso-β lines is plotted in Fig. B.2, where most of commercial mass ﬁlters
are operated.
Considering that a/q is equal to 2U/V , all ions lie along an operating (or scan) line
a/q =constant. Therefore, by scanning the U and V values along this line (i.e. with
a ﬁxed ratio), ions with diﬀerent masses will be transmitted in sequence of mass-to-
charge ratio, producing a mass spectrum. Each operating line with speciﬁc slope (a/q)
corresponds to one resolution setting. By increasing the U/V ratio, the operating line
approaches closer to the tip of the stability region and only a small range of m/z values
will be transmitted. This corresponds to a higher resolution. The operational mass
range and resolution are discussed in the following.
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Figure B.2: Stability regions. Reproduced from the publication of D.J. Douglas [237].
B.2 Mass range and resolution in a quadrupole ﬁlter
The two important operating characteristics of a quadrupole, the mass range and the
maximum resolution are dependent upon ﬁve basic parameters. Length and diameter
of the rods, the peak-to-peak maximum voltage of the rods, the RF frequency and the
injection energy of the ions [236]. The mass range, or rather, the highest mass (Mm)
to which an instrument can be tuned is given by the following relation:
Mm =
7× 106 · VRF
f2 ·R2 (B.17)
where f is the frequency in Hz (f =
Ω
2π
) and R is the radius of the rod. Mm is given
in amu.
For the majority of instruments designed and operated to the present date, the
available choice of VRF and R is relatively limited. VRF is of the order of 3000V
and R has acceptable values in the range 3-10mm. VRF is limited by the diﬃculties
inherent in the design of very stable high-voltage RF generators and R by the problem
of maintaining a high mechanical accuracy at a reasonable cost with both very large
and very small instruments.
The selection of mass range sets a limit to the resolution that can be obtained
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throughout the operating range. The ﬁnite length of the quadrupole electrodes limits
the time spent by the ions in the focusing ﬁeld and hence limits the resolution that can
be obtained. Although a precise relationship cannot be quoted, there is strong evidence
from the various experimental studies that a good representation is given by [236]:
M
ΔM
=
1
K
Nn (B.18)
where N is the number of cycles of the RF ﬁeld to which the ions are exposed and ΔM
is the width of the ”peak” at the mass M . K is usually assumed to be about 20 for all
practical purposes and n is considered to be about 2 [238].
In a given instrument, the number of cycles, N , and hence the limiting resolution,
can easily be determined in terms of the following basic operating parameters: the
length of the quadrupole rods, L, the RF frequency, f , and the ion injection energy,
kz, as such:
N = f · L
√
m
2 · e · kz (B.19)
Therefore the Eq.B.18 can be rewritten as:
m
Δm
=
0.05f2 · L2 ·m
2 · e · kz (B.20)
hence
Δm =
40 · e · kz
f2 · L2 (B.21)
Using capital M to indicate the mass in amu gives:
ΔM =
4× 109kz
f2 · L2 (B.22)
The range of values of ion injection energy is narrow in practical instruments. The
lower limit, of the order of 2 eV, cannot easily be extended because of diﬃculties of
eﬃcient injection of ions into the quadrupole.
Typical values can be assumed: L = 0.2m, f = 2.0MHz, kz = 5 eV, therefore
Eq. B.22 yields
ΔM = 0.125 amu (B.23)
which shows that an adequate resolution is possible, and, neglecting second-order eﬀects
such as ﬁeld imperfections, the minimum attainable peak width, ΔM , is independent
of ion mass.
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It is important to recognize that mass resolution indicates the maximum possible
performance and has been calculated by making no allowance for instrument imperfec-
tions. In practice, factors such as misalignment lowers the resolution close to unity for
standard quadrupole ﬁlters application.
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